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This  Final  Report  addresses  Grant  #  DAMD 17-97- 1-71 10  entitled  “Cooperation  of  Bc1-xl  and  c- 
Myc  in  Mammary  Tumorigenesis,  a  Pre-Doctoral  Training  Fellowship,  covering  research 
conducted  by  the  principal  investigator  Matthew  Hunter  Jamerson  (an  M.D./Ph.D.  student  at  the 
Lombardi  Cancer  Center,  Georgetown  University  Medical  Center)  during  the  period  from  1 
August  1997  through  31  July  2000. 

INTRODUCTION: 

It  is  commonly  held  that  oncogenesis  is  a  multistage  process  with  experimentation  demonstrating 
that  a  minimum  of  two  independent  genetic  events  required  in  most  cases  to  produce  cellular 
transformation.  This  idea  is  further  buoyed  by  the  fact  that  multiple  systems  exist  within  cells 
both  to  control  cell  growth  and  safeguard  against  malignant  transfomation.  There  is  a  need  in  the 
biomedical  community  to  develop  methods  for  studying  the  initiation  and  progression  of 
malignancies  as  multistage  processes  with  the  dissection  of  these  molecular  mechanisms 
potentially  aiding  in  the  prevention,  detection,  and  treatment  of  cancers.  Genetically  engineered 
mice  (GEM)  provide  a  highly  malleable  model  system  for  evaluating  the  cooperation  of 
oncogenes  and  tumor  suppressor  genes  in  tumorigenesis.  Furthermore,  the  creation  of  promoter 
systems  for  transgene  expression  that  allow  for  both  temporal  and  tissue-specific  expression 
increase  the  power  of  resolution  in  the  study  of  these  oncogenic  models.  The  specific  focus  of 
the  described  studies  herein  was  the  generation  of  c-mydbcl-xi  and  ^)ux-knockout/c-myc 
bitransgenic  mice  and  the  use  of  these  GEMs  to  evaluate  the  potential  cooperative  role  apoptosis 
modulation  in  the  initiation  and  progression  of  breast  malignancies.  Furthermore,  these  studies 
provide  a  valuable  tool  for  assessing  alterations  in  the  mammary  gland  development  and  the 
normal  mammary  involution  process. 


FINAL  REPORT 

Grant  #  DAMD17-97-1-7110 

“Cooperation  of  Bc1-Xl  and  c-Myc  in  Mammary  Tumorigenesis” 
P.I.  Matthew  Hunter  Jamerson 


BACKGROUND: 

In  1982,  soon-to-be  Nobel  Laureate,  J.  Michael  Bishop  identified  the  proto-oncogene  c-myc  as 
the  normal  mammalian  homologue  to  the  v-myc  transforming  gene  that  was  responsible  for  avian 
myelocytomatosis  (Vennstrom  et.al.,  1982).  c-myc  was  first  identified  as  an  human  oncogenic 
agent  when  it  was  discovered  that  translocations  between  the  myc  locus  on  chromosome  8  and 
the  immunoglobulin  heavy  chain  on  chromosomes  14,  22,  or  2  were  found  in  nearly  all  cases  of 
Burkitt’s  lymphoma  (Nesbit  et.al.,  1999).  Following  these  initial  discoveries,  multiple 
mammalian  c-myc  related  genes  (L-myc,  N-myc)  as  well  as  differential  transcriptional  variants 
(c-Myc2,  c-Mycl,  c-MycS)  were  identified  and  now  constitute  the  greater  c-myc  family  of 
transcription  factors  (Dang,  1999;  Liao  et.al.,  2000;  Nasi  et.al.,  2001;  Nesbit  et.al.,  1998).  While 
deregulated  expression  of  L-myc  has  been  found  to  be  involved  in  the  etiology  of  small  cell  lung 
cancer  (SCLC)  and  deregulated  N-myc  expression  has  been  identified  in  approximately  33%  of 
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neuroblastomas  (as  well  as  in  a  small  percentage  of  SCLCs,  medullary  thyroid  carcinomas, 
retinoblastomas,  alveolar  rhabdomyosarcomas,  and  breast  tumors),  most  attention  in  the  fields  of 
oncology  and  tumor  biology  is  paid  to  the  defining  family  member,  c-myc  (Nesbit  et.al,  1999). 

A  sizable  proportion  of  breast,  lung,  liver,  and  colon  cancers,  as  well  as  some  cases  of 
melanoma,  multiple  myeloma,  myeloid  leukemia,  and  non-Hodgkin’s  lymphoma,  have  been 
attributed  to  aberrant  c-myc  expression  and  attendant  functional  consequences  (Nesbit  et.al, 

1999) . 

Deregulated  expression  of  c-myc,  via  multiple  mechanisms  including  translocation,  proviral 
insertion,  gene  amplification,  point  mutation,  direct  transcriptional  and  translational  effects,  or 
post-translational  modification  (such  as  phosphorylative  control  of  protein  stability  and 
localization)  is  a  common  feature  of  many  human  cancers  and  is  thought  to  contribute  to  cellular 
proliferation  and  transformation  when  apoptosis  is  suppressed  (Evan  et.al,  1992;  Santoni-Rugiu 
et.al,  1998;  Dang,  1999).  In  1994,  Gerard  Evan  developed  the  Dual  Signal  Model  suggesting 
that  induction  of  apoptosis  is  an  obligate  function  of  c-myc  expression  and  acts  as  a  potent 
mechanism  for  suppression  of  tumorigenesis  (Harrington  et.al,  1994);  however,  more  recent 
experimentation  suggests  that  c-myc  may  ‘prime’  or  sensitize  cells  to  apoptosis  as  a  result  of 
partial  mitochondrial  permeability  and  resultant  movement  of  holocytochrome  c  into  the 
cytoplasm  from  its  typical  position  as  a  constituent  of  the  electron  transport  system  (Juin  et.al, 
1999;  Prendergast,  1999).  With  recognition  of  this  dualistic  nature  of  c-Myc  function,  it  is 
exciting  to  speculate  that  suppression  of  c-Myc-mediated  apoptosis  may  facilitate  tumorigenesis 
as  was  intimated  in  experiments  examining  the  cooperation  of  c-Myc  and  knockouts  of  pl9ARF 
and/or  p53  in  mouse  embryo  fibroblast  models  (Zindy  et.al,  1998).  Intriguingly,  recent  data  has 
suggested  that  c-Myc  may  increase  genomic  instability  and  enhance  tumorigenesis,  as  do 
dominant  mutator  oncogenes  such  like  MSHl  and  MLHl,  without  absolute  requirement  for 
continued  c-Myc  overexpression  once  additional  transforming  genetic  lesions  have  been 
generated  and  replicatively-affixed  in  the  genome  (Felsher  et.al,  1999a;  Felsher  et.al,  1999b). 

In  human  breast  cancers,  c-myc  is  amplified  in  approximately  16%,  rearranged  in  roughly  5%, 
and  overexpressed  in  the  absence  of  gross  locus  alteration  in  nearly  70%  of  all  cases,  suggesting 
its  importance  in  the  the  genesis  and/or  progression  of  these  diseases  (Nass  et.al,  1997;  Deming 
et.al,  2000).  Recent  data  has  suggested  several  additional  mechanisms  by  which  the  expression 
and  function  of  c-Myc  might  be  altered  in  breast  malignancies.  The  breast  cancer-associated 
gene  1  (BRCAl),  a  tumor  suppressor  gene  that  when  mutated  in  the  germline  is  associated  with  a 
familial  breast  and  ovarian  cancer  syndrome,  has  been  shown  to  block  the  transcriptional  activity 
of  c-Myc;  therefore,  the  absence  of  BRCAl  activity  may  result  in  a  partially-unchecked  c-Myc- 
mediated  transcriptional  activity  resulting  in  a  tumorigenesis  (Wang  et.al,  1998;  Deng  et.al, 

2000) .  The  coding  region  determinant-binding  protein  (CRD-BP),  capable  of  binding  to  and 
stabilizing  c-myc  mRNA,  is  in  proximal  to  HER-2lneulerbB2  on  human  chromosome  17  and  has 
been  found  to  be  amplified  in  12  out  of  40  breast  tumor  and  may  be  responsible  for  tumor- 
associated  c-myc  deregulation  (Doyle  et.al,  2000).  Hyperactivity  of  the  mitogen-activated 
protein  kinase  (MAPK)  and  phosphatidyl-inositol-3  kinase  (PI3K)  pathways  associated  with 
HER-2/Neu/ErbB2  amplification  or  loss  of  the  phosphatase  and  tensin  homologue  deleted  on 
chromosome  ten  (PTEN),  both  common  alterations  in  hreast  tumors,  can  result  in  abnormally 
strong  and  persistent  Ras  and  Akt/protein  kinase  B  (PKB)  kinase  activity  (King  et.al,  1985; 
Yokota  et.al,  1986;  Slamon  et.al,  1987;  van  de  Vijver  et.al,  1987;  Slamon  et.al,  1989;  Li  et.al. 
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1997;  Steck  et.al,  1997).  Recently,  it  has  been  demonstrated  that  Ras-mediated  phosphorylation 
of  c-Myc  at  Serine-62  results  in  stabilization  of  the  protein;  furthermore,  active  Akt/PKB  can 
block  the  kinase  activity  of  glycogen  synthase  kinase  3p  (GSK-3p)  and  thereby  limit  its 
degradation-promoting  phosphorylation  of  c-Myc  at  threonine-58  (Sears  et.al.,  2000). 

Therefore,  it  is  likely  that  in  breast  tumorigenesis,  specific  genetic  and  signaling  pathway  lesions 
distinct  from  those  alterations  that  occur  at  or  near  the  c-myc  locus,  may  arise  and  contribute  to 
the  aberrant  expression,  stabilization,  or  function  of  c-Myc. 

The  role  of  c-myc  expression  in  both  normal  mammary  development  and  function  as  well  as  in 
mammary  tumorigenesis  is  currently  a  burgeoning  field  of  inquiry.  c-Myc  expression  is 
increased  in  the  normal  mammary  gland  during  pregnancy-related  proliferation,  it  is  absent  in 
differentiated  mammary  alveolar  cells  during  lactation,  and  is  again  increased  during  the 
apoptotic  mammary  involution  process  (Strange  et.al.,  1992).  c-Myc  is  believed  to  be  a  nuclear 
mediator  of  mitogenic  signals  incident  upon  the  cell  from  various  receptor  systems  (growth 
factor,  steroid,  and  contact  receptors  being  most  important  in  the  mammary  gland  situation)  and 
is  contributory  to,  but  not  sufficient  for,  mammary  epithelial  cell  transformation  (Leder  et.al., 
1986;  Telang  et.al,  1990).  Constitutive  expression  of  c-myc  has  been  shown  to  partially 
transform  both  mouse  and  human  mammary  epithelial  cells  (MECs),  such  that  exhibit 
anchorage-independent  (soft  agar)  growth  when  supplemented  with  epidermal  growth  factor 
(EGF)  or  transforming  growth  factor  a  (TGFa),  and  are  no  longer  as  dependent  upon  these 
factors  for  anchorage-dependent  growth  as  are  the  parental,  non-transformed  cells  from  which 
they  were  derived  (Telang  et.al,  1990;  Valverius  et.al,  1990). 

In  addition  to  those  studies  that  have  been  conducted  in  vitro  and  ex  vivo  concerning  the  role  of 
c-Myc  in  mammary  development,  transformation,  and  tumorigenesis,  four  groups  have 
independently  developed  transgenic  mice  that  express  the  c-myc  oncogene  in  a  mammary- 
associated  (MMTV-LTR-c-myc),  mammary-specific  (WAP-c-myc),  or  regulatable,  mammary- 
associated  (MMTV-LTR-tetTA  /  tetOP-c-wyc)  context  (Stewart  et.al,  1984;  Schoeneberger 
et.al,  1988;  Sandgren  et.al,  1995;  D’Cruz  et.al,  2001).  Another  group  has  developed  a  mouse 
model,  using  a  mammary  tissue  reconstitution  method,  in  which  the  v-myc  retroviral  oncogene  is 
expressed  throughout  the  reconstituted  mammae  (Edwards  et.al,  1988).  Both  groups  that 
generated  WAP-c-myc  transgenic  mice  reported  an  incidence  of  mammary  tumors  approaching 
100%  in  multiparous  animals,  with  all  virgin  females  remaining  tumor  free  over  the  observation 
period  (to  14  months  of  age)  (Schoenenberger  et.al,  1988;  Sandgren  et.al,  1995).  These 
findings  are  as  expected  owing  to  the  temporal  window  for  the  hormone-driven  activity  of  the 
whey  acidic  protein  (WAP)  gene  promoter  which  is  limited  to  late  pregnancy  (near  maximal 
activity  is  achieved  by  day  1 8  of  pregnancy)  and  throughout  lactation.  It  remains  to  be 
determined  whether  c-myc  expression  in  this  model  system  is  sufficient  for  mammary  tumor 
development  due  to  the  confounding  role  of  multiple  pregnancy  and  lactation  periods  as  both  a 
drive  for  transgene  and  as  a  possible  source  for  important  survival  signals  that  may  override  c- 
Myc-induced  apoptosis.  The  presence  of  mammary  adenocarcinomas  was  reported  as  100%  for 
multiparous  transgenic  mice  (those  with  3+  pregnancies)  in  which  the  murine  mammary  tumor 
virus  long  terminal  repeat  (MMTV-LTR)  promoter/enhancer  element  had  been  placed  upstream 
of  a  murine  c-myc  locus  containing  all  three  exons  (Stewart  et.al,  1984;  Leder  et.al,  1986). 
Unlike  the  WAP-c-myc  model,  virgin  MMTV-c-myc  females  developed  solitary  mammary 
tumors  in  a  stochastic  fashion  with  an  incidence  of  approximately  50%  following  an  extended 
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latency  of  7  to  14  months  (Stewart  et.al.,  1984).  The  extended  latencies  and  solitary  nature  of 
the  tumors  that  develop  in  both  the  WAP  and  MMTV-driven  models  coupled  with  the 
accelerative  influence  provided  by  multiparity  in  the  MMTV  model,  suggest  that  c-myc  is 
contributory  but  insufficient  for  mammary  tumorigenesis  in  the  mouse. 

Two  recently  published  studies  have  provided  confirmation  of  the  insufficiency  of  c-myc  in 
mammary  tumorigenesis,  have  indirectly  demonstrated  the  dominant  mutator  effect  of  aberrant 
c-myc  expression  in  vivo,  and  have  presented  preliminary  evidence  for  the  subsequent, 
apparently-patterned  genetic  lesions  that  contribute  to  the  multistage  mammary  tumorigenic 
process.  In  1999,  our  group,  in  collaboration  with  the  National  Human  Genome  Research 
Institute,  used  comparative  genomic  hybridization  (CGH)  and  spectral  karyotyping  (SKY)  to 
demonstrate  that  mammary  tumors  derived  from  MMTV-c-myc  mice  display  distinct  patterns  of 
chromosomal  aberrations  (Weaver  et.al,  1999).  The  fact  that  these  tumor-associated  genomic 
abnormalities  are  similar  despite  having  arisen  in  different  animals  suggests  that  specific  genetic 
lesions  cooperate  with  deregulated  c-myc  expression  in  this  model  and  that  deregulated  c-myc 
alone  may  be  causing  genetic  instability  through  a  dominant  mutator  phenotype.  Furthermore, 
the  particular  patterned  chromosomal  abnormalities  found  in  the  MMTV-c-myc  mammary 
tumors  are  S5mtenically  related  to  those  identified  in  human  breast  tumor  samples  suggesting  that 
this  tumor  model  is  valuable  in  recapitulating  the  clinically-relevant  disease  and  that  the 
multistage  process  that  results  in  mammary  tumors  in  mice  and  breast  tumors  in  humans  is  likely 
comparable.  The  conditional  expression  of  c-myc  in  the  mammary  glands  of  mice  using  a 
MMTV-LTR-driven  tetracycline-responsive  transgenic  system  has  further  demonstrated  the 
insufficiency  of  aberrant  c-myc  expression  in  mammary  tumorigenesis  (D’Cruz  et.al,  2001). 
Mammary  adenocarcinoma  formation  in  this  model  was  similar  to  that  seen  in  the  MMTV-c-wyc 
transgenic  system;  however,  elimination  of  transgene  expression  by  modulation  of  the 
tetracycline  response  element  resulted  in  the  regression  of  tumors  with  the  exception  of  those 
tumors  that  possessed  additional  genetic  lesions  (the  majority  of  non-regressing  tumors  had 
activating  mutations  inKras2)  (D’Cruz  et.al,  2001).  Furthermore,  the  identification  of  these 
Kras2  mutations  led  the  investigators  to  evaluate  the  mammary  tumors  that  arise  in  the  simple 
MMTV-c-/«yc  transgenics;  it  was  determined  that  a  similar  percentage  (44%)  of  these  tumors 
displayed  identical  activating  mutations  in  Kras2.  These  results  taken  together  lend  further 
support  to  the  notion  that  c-myc  can  act  as  a  primary  transforming  lesion;  however,  full  tumor 
development  and  progression  requires  additional  patterns  of  genetic  alterations  that  may  result 
from  c-myc  genomic  destabilization. 


The  MMTY-c-mycMMTY-\-Ha-ras  cross  generated  in  1987  was  the  first  mammary-directed, 
c-myc-containing  bitransgenic  mouse  (Sinn  et.al,  1987).  Characterization  of  this  model 
demonstrated  that  deregulated  expression  of  these  two  genes  resulted  in  accelerated  mammary 
tumorigenesis  with  an  abrogation  of  the  requirement  for  pregnancy  (mammary  tumors  were 
observed  in  both  virgin  female  as  well  as  in  male  bitransgenic  mice).  This  particular  result  also 
reflected  previous  work  that  had  shown  c-myc  and  ras  as  being  sufficient  for  and  capable  of 
cooperating  in  the  transformation  of  mouse  embryo  fibroblasts  (MEFs)  (Land  et.al,  1983; 
Hunter,  1991).  In  1995,  two  mammary-directed  c-myc/tg/iz bitransgenic  models  were  developed 
and  buoyed  the  notion  that  signaling  through  the  EGFR  (ErbBl)  and/or  activation  of  Ras  could 
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synergize  with  deregulated  c-myc  expression  in  the  mammary  tumorigenic  process 
(Amundadottir  ef.fl/.,  1995;  Sandgren  ei.a/.,  1995). 

TGFa  is  a  secreted  50  amino  acid  glycoprotein  derived  from  an  active,  membrane-bound  160 
amino  acid  precursor.  TGFa  demonstrates  a  high  level  of  homology  (~42%)  with  EGF  and  both 
molecules  bind  the  epidermal  growth  factor  receptor  (EGFR/ErbBl)  with  high  affinity 
(Martinez-Lacaci  et.al.,  1999).  TGFa  binding  to  EGFR  has  been  demonstrated  to  result  in 
receptor  homodimerization  as  well  as  heterodimerization  with  cErbB2,  c-ErbB3,  and/or  c-ErbB4, 
when  these  receptor  family  members  are  present  in  together  within  the  cell.  This  receptor 
dimerization  subsequently  leads  to  autophosphorylation  and  activation  of  downstream  signaling 
pathways  including  p42/44-MAPK,  c-Jun  N-terminal  kinase/stress-activated  protein  kinase 
(JNK/SAPK),  PI3K,  phospholipase  C  (PLC),  protein  kinase  A  (PKA),  and  adenyl  cyclase  (AC) 
(Dickson  et.al.,  1995;  Siegel  et.al.,  1998;  Martinez-Lacaci  et.al.,  1999).  TGFa  is  expressed  in 
the  normal  murine  mammary  gland  within  the  basal  cells  of  the  epithelium  and  the  terminal  cells 
of  the  nascent  end  bud;  it  is  also  present  in  murine  and  human  mammary  glands  during 
pregnancy  and  has  been  demonstrated  to  have  similar  growth  promotional  effects  upon  human 
and  murine  MECs  in  vitro  (Salomon  et.al.,  1987;  Valverius  et.al.,  1989;  Bates  et.al.,  1990; 

Liscia  et.al,  1990;  Snedecker  et.al,  1991;  Martinez-Lacaci  et.al,  1999).  Early  studies  found 
increased  TGFa  expression  in  mammary  tumors  versus  normal  mammary  gland  (Derynck  et.al, 
1987;  Arteaga  et.al,  1988;  Bates  et.al,  1988;  Travers  et.al,  1988);  however,  the  current 
paradigm  for  EGF- family  growth  factor  participation  in  breast  cancer  involves  the  establishment 
of  a  pro-proliferative,  anti-apoptotic,  autocrine/paracrine  stimulatory  loop  with  the  EGFR  which 
is  found  overexpressed  in  approximately  50%  of  human  breast  cancers  (Harris  et.al,  1988; 
Dickson  et.al,  1995;  Dahiya  et.al,  1998;  DeLuca  et.al,  1999). 

Three  groups  independently  developed  transgenic  mouse  models  in  which  TGFa  was  expressed 
in  a  metal-ion  inducible,  general  tissue  context  (MT-tgfcr)  (Sandgren  et.al,  1990;  Jhappan  et.al, 
1990),  a  mammary-associated  context  (MMTV-/g/b)  (Matsui  et.al,  1990),  or  a  mammary- 
specific  context  (WAP-/g/«)  (Sandgren  et.al,  1995).  Characterization  of  these  transgenic 
models  suggested  that  constitutive  fg/br  expression  accelerates  mammary  development,  impedes 
apoptosis  during  involution,  and  contributes  to  MEC  transformation  by  acting  as  both  a  survival 
and  growth  factor  for  differentiated  murine  MECs.  Significantly,  the  pregnancy  requirement  and 
extended  tumor  latency  for  these  tgfrz  transgenic  models  illustrates  that  aberrant  TGFa 
expression  is  unlikely  to  be  capable  of  serving  as  the  sole  cause  of  mammary  cancers;  rather,  it  is 
likely  to  be  one  alteration  along  a  multistep  transforming  pathway.  Following  on  this  work,  our 
laboratory  and  another  generated  transgenic  mice  in  which  both  c-myc  and  tgf a  were  co¬ 
expressed  in  the  mammary  gland  (Amundadottir  et.al,  1995;  Sandgren  et.al,  1995).  The 
MMTV-c-»iyc/MT-/g/brbitransgenic  mice  developed  multiple  mammary  adenocarcinomas  with 
a  much  reduced  latency,  as  compared  to  the  single  myc  or  ig/brtransgenics,  and  in  the  absence  of 
any  requirement  for  pregnancy  or  ovarian  hormone  stimulation  (Amundadottir  et.al,  1995).  The 
complete  absence  of  normal  mammary  tissue  in  these  bitransgenic  animals  and  the  ability  of 
mammary  tissue  from  3-week  old  mice  to  form  tumors  in  ath)miic  mice  suggest  that  these  two 
important,  mammary-relevant  genes  are  capable  of  sjmergistically  transforming  the  mammary 
epithelium,  apparently  requiring  minimal,  if  any,  additional  genetic  alterations.  Characterization 
of  the  WAP-c-wyc/WAP-tg/br  bitransgenic  model  confirmed  the  potent  synergy  of  these  two 
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genes  in  promoting  and  accelerating  mammary  tumor  formation  when  compared  with  the 
relevant  single  transgenic  animals  (Sandgren  et.al.,  1995).  Furthermore,  the  power  of  this 
genetic  interaction  is  demonstrated  in  both  models  since  both  male  and  virgin  female 
bitransgenic  animals  developed  mammary  tumors. 

Subsequent  work  in  our  laboratory  with  single  transgenic  mice,  c-myc/tgf ahitransgenic  mice, 
and  tumor  cell  lines  derived  from  these  transgenic  mice,  has  led  to  the  hypothesis  that  TGFa  can 
cooperate  with  c-Myc  in  promoting  cell  cycle  progression  and  can  act  to  suppress  c-Myc- 
induced  apoptosis  (Amundadottir  et.al.,  1996;  Nass  et.al.,  1996;  Nass  et.al,  1998).  In  situ  end¬ 
labeling  of  DNA  fragments  (terminal  deoxynucleotidyl  transferase-mediated  dUTP-digoxigenin 
nick  end-labeling/TUNEL  assay)  in  paraffin-embedded  mammary  tumor  sections  from 
transgenic  mice  indicates  the  presence  of  apoptotic  MECs  in  c-myc  transgenic  tumors  and  their 
near  absence  in  tumors  from  tgfaax\A  c-wiyc/ig/a transgenic  mice  (Amundadottir  et.al.,  1996). 
Observations  made  with  tumor  cell  lines  indicate  that  the  overexpression  of  these  two  genes 
results  in  increased  cell  proliferation  under  both  anchorage-dependent  and  anchorage- 
independent  conditions,  a  reduced  requirement  for  exogenous  growth  factor  stimulation,  and 
greatly  diminished  apoptosis.  The  cell  lines  derived  from  c-myc  transgenic  mouse  mammary 
tumors  were  significantly  more  apoptotic  than  cell  lines  derived  from  tgfaand  c-mydtgfa 
mammary  tumors;  however,  the  frequency  of  apoptotic  cells  in  the  c-myc  lines  could  be 
considerably  suppressed  in  vitro  by  the  addition  of  exogenous  TGFa  or  EGF  (Amundadottir 
et.al,  1996).  Conversely,  the  level  of  apoptosis  was  increased  in  these  myc  tumor  lines  when 
EGFR  signaling  was  blocked  by  addition  of  PD153035,  a  specific,  synthetic  EGFR  tyrosine 
kinase  inhibitor  (Amundadottir  et.al,  1996).  Our  have  suggested  that  transformation, 
maintenance  of  the  transformed  phenotype,  and  suppression  of  apoptosis  in  c-myc- 
overexpressing  mouse  mammary  tumor  cell  lines  may  require  signaling  through  the  p42/44- 
MAPK  and  PI3K  pathways,  both  of  which  are  targeted  for  activation  by  the  ligand-activated 
EGFR  (among  other  growth  factor  and  cytokine  receptors)  (Amundadottir  et.al,  1998;  Wang 
et.al,  1999). 

Molecular  characterization  of  apoptosis  in  c-myc-overexpressing  murine  MECs  derived  from  the 
MMTV-c-myc  transgenic  mice  led  to  the  recognition  that  Bc1-xl,  an  anti-apoptotic  member  of 
the  Bcl-2  family  of  apoptosis  regulatory  proteins,  is  a  likely  mediator  of  TGFa  and  EGF-directed 
protection  against  myc-driven  apoptosis  (Nass  et.al,  1996).  Bc1-xl  mRNA  and  protein  levels 
were  elevated  with  TGFa  or  EGF  treatment  of  these  wyc-expressing  cell  lines  and  expression  of 
this  anti-apoptotic  molecule  was  significantly  diminished  with  growth  factor  withdrawal, 
transforming  growth  factor  p  (TGFP)  treatment,  or  by  PD  153035 -induced  EGFR  blockade. 

Both  Bax,  a  pro-apoptotic  Bcl-2  family  member,  and  p53  were  highly  expressed  and  unchanged, 
while  Bcl-2  and  Bcl-xs  levels  remained  low  or  undetectable  with  these  aforementioned 
treatments  (Nass  et.al,  1996).  The  work  in  our  laboratory,  along  with  data  from  other  studies, 
has  led  to  the  development  of  the  following  model  explaining  the  cooperation  between  c-Myc 
and  TGFa  in  enhancement  of  proliferation  and  blockade  of  apoptosis  in  the  mouse  mammary 
gland:  First,  deregulated  c-Myc  may  drive  cellular  proliferation  by  activating  cyclin  D  and  E- 
dependent  kinases  (cdk4  and  ckd6),  promoting  the  transcription  of  both  cyclin  E  and  cyclin  A, 
limiting  the  activity  of  cyclin-dependent  kinase  inhibitors  p21  and  p27  (transcriptional 
repression/protein  stability  and  complex  formation),  promoting  release  of  E2F  family  members 
from  Rb  pocket  proteins  (through  transcriptional  activation  of  Id2  as  well  as  G1  cyclin  activity), 
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and  activating  cdc25  A  phosphatase  which  is  responsible  for  dephosphorylative  activation  of 
cyclin  E/cyclin-dependent  kinase-2/4  complexes  (Facchini  et.al,  1998;  Dang,  1999;  Mateyak 
et.ai,  1999;  Nasi  et.al,  2001).  The  combination  of  these  effects  and  the  induction  of  cyclin  Dl, 
resulting  from  TGFa  overexpression  (Liao  et.al,  2000),  may  result  in  deregulation  of  the  cell 
cycle  and  abrogation  of  normal  cell  cycle  checkpoint  control.  Second,  deregulated  c-myc 
expression  may  promote  apoptosis  by  inducing  p53  expression,  both  directly  via  transcription 
upregulation  and  indirectly  by  transcriptional  control  of  pi  9^*^  (responsible  for  p53 
stabilization),  and  by  directly  or  indirectly  inducing  the  expression  of  Bax  (Reisman  et.al,  1993; 
Miyashita  efa/.,  1995;  Packham  et.al,  1995;  Zindy  e^.a/.,  1998;  Dang,  1999).  Additionally,  c- 
Myc  may  promote  apoptosis  by  increasing  the  sensitivity  of  cells  to  death  receptor  (Fas  and 
tumor  necrosis  factor  receptor  1/TNFRl)  activation  as  well  as  to  mitochondrial  permeability 
transition  accompanied  by  the  release  of  holocytochrome  c  (the  physical  and  functional  activator 
of  the  apoptotic  protease  activating  factor- 1/APAF-l -containing  apoptosome  complex)  (Juin 
et.al,  1999;  Prendergast,  1999). 

These  aforementioned  results,  combined  with  those  obtained  from  the  characterization  of  a 
MMTV-c-/«yc/WAP-6c/2  bitransgenic  model  (Bcl-2  expression  accelerated  mammary 
tumorigenesis  and  suppressed  in  vivo  mammary  tumor  apoptosis)  (Jager  et.al,  1997),  strongly 
suggests  that  mammary  tumorigenesis  is  significantly  enhanced  when  deregulated  c-myc 
expression,  responsible  both  for  driving  proliferation  and  sensitizing  cells  to  apoptosis,  is 
coupled  with  other  genetic  alterations  that  act  to  block  the  c-myc-mediated  apoptotic  pathways. 
Recently,  a  great  deal  of  information  has  been  published  exploring  the  role  of  apoptosis 
regulatory  proteins  (with  Bc1-xl  and  Bax  especially  relevant  to  the  projects  described  in  this 
Report)  in  the  normal  development  of  the  mammary  gland  as  well  as  in  the  etiology  of  breast 
cancer.  Bc1-xl  is  expressed  in  the  cuboidal  epithelium  and  myoepithelium  of  the  breast  and  is 
known  to  be  increased  during  post-lactational  mammary  gland  involution  with  its  splice  variant, 
Bcl-xs,  being  induced  more  strikingly  (Krajewski  et.al,  1994a;  Li  et.al,  1996a).  \^ereas  Bcl-2 
levels  are  reduced  during  the  early  stages  of  mammary  involution,  levels  of  Bc1-xl  and  Bax  are 
highly  upregulated  with  the  relative  levels  skewed  toward  greater  pro-apoptotic  protein 
expression  (Schorr  et.al,  1999).  Bc1-xl  expression  has  been  correlated  with  the  presence  of  the 
EGFR  in  ER-negative  breast  cancer  cell  lines  and  data  from  our  laboratory  (regarding  mammary 
tumor  cell  lines)  confirming  that  EGFR  signaling  blockade  results  in  decreased  Bc1-xl 
expression  (Nass  et.al,  1996;  Hsu  et.al,  1997).  Bc1-xl  has  been  shown  to  block  apoptosis 
induced  by  p53  in  T47D  and  TNF/anti-Fas  in  MCF-7  breast  cancer  cell  lines  (Jaattela  et.al, 

1995;  Schott  et.al,  1995;  Srinivasan  et.al,  1998).  With  regards  to  the  in  vivo  situation,  Bc1-xl 
has  been  shown  to  be  overexpressed  in  breast  tumors  as  compared  to  adjacent  normal  breast 
tissue  with  Bc1-xl  expression  predominate  to  Bcl-2  expression  in  higher  histological  grade  breast 
tumors  with  greater  tumor  cell  resistance  to  apoptosis  (Schott  et.al,  1995;  Ogretman  et.al,  1996; 
Olopade  et.al,  1997;  Sierra  et.al,  1998).  Relevant  to  the  potential  influence  of  Bc1-xl  in  cancer 
therapy,  it  has  recently  been  published  that  overexpression  of  BcI-xl  in  a  mouse  mammary  tumor 
cell  line  resulted  in  an  increased  resistance  to  chemotherapeutic  killing,  whereas  the  use  of  bcl-xi 
antisense  was  demonstrated  to  induce  apoptosis  in  a  number  of  human  breast  cancer  cell  lines 
(Liu  et.al,  1999;  Simoes-Wiist  et.al,  2000).  To  date,  no  work  has  been  published  on  the 
targeting  of  a  BcI-xl  transgene  to  the  mammary  gland  of  transgenic  mice. 
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Bax  is  expressed  in  the  epithelium  of  the  normal  breast  (most  highly  in  the  myoepithelium  and 
those  cells  that  had  no  or  limited  luminal  contact)  and  has  been  demonstrated  to  be  increased 
during  post-lactational  mammary  gland  involution  without  dependence  upon  functionally-intact 
p53  protein  (Krajewski  et.al.,  1994b;  Li  et.al.,  1996b;  Feuerhake  et.al.,  2000;  Shilkaitis  et.al., 
2000).  The  partial  or  total  loss  of  Bax  in  knockout  mice  provided  evidence  that  the  presence  of 
Bax  was  likely  to  be  unnecessary  for  mammary  gland  development  and  functional  differentiation 
(though  a  small  percentage  of  homozygous  knockout  animals  did  evidence  some  post-partum 
lactational  incompetency);  furthermore,  Bax  nullizygous  animals  exhibit  reduced  MEC  apoptosis 
during  the  first  stage  of  post-lactational  involution  (Schorr  et.al.,  1999a;  Schorr  et.al,  1999b). 
Bax  was  found  to  be  weakly  expressed  or  absent  in  several  breast  cancer  cell  lines  and 
transfection  of  Bax  into  these  lines  resulted  in  increased  apoptotic  sensitivity  and  diminished 
tumor  proliferation  in  athymic  mice  (Bargou  et.al,  1995;  Bargou  et.al,  1996).  Overexpression 
of  Bax  in  MCF-7  breast  cancer  cells,  a  line  that  expresses  very  low  levels  of  Bax,  results  in  an 
increased  sensitivity  to  ionizing  radiation  (Sakakura  et.al,  1996).  With  regard  to  the  in  vivo 
situation,  Bax  was  found  to  be  highly  expressed  in  normal  breast  tissue  and  absent  (or  nearly  so) 
in  invasive  ductal  breast  tumors  and  carcinomas  (Bargou  et.al,  1995;  Shilkaitis  et.al,  2000). 
Significant  reductions  in  Bax  expression  were  found  in  34%  of  primary  breast  tumors  in  women 
with  metastatic  disease  and  the  expression  of  Bax  was  inverse  correlated  with  overall  survival, 
treatment  response,  and  metastasis  (Krajewski  et.al,  1995;  Kapranos  et.al,  1997).  Furthermore, 
expression  of  Bax  protein  in  metastatic  breast  tumors  was  found  to  be  predictive  of  tumor 
response  to  chemotherapy  independent  of  other  predictive  variables  (Sjostrom  et.al,  1998). 
Presently,  only  one  study  has  been  published  in  which  the  role  of  Bax  loss  has  been  correlated 
with  murine  mammary  tumorigenesis  (Shibata  et.al,  1999).  A  transgenic  mouse  designed  as  an 
in  vivo  model  for  prostate  cancer,  in  which  the  SV40  large  T  antigen  {Tag)  gene  was  placed 
under  the  control  of  the  C3(l)  prostatein  gene  regulatory  elements,  was  also  discovered  to  be  a 
model  for  mammary  adenocarcinomas  (Maroulakou  et.al,  1994).  Subsequent  investigation  of 
this  model  led  to  the  discovery  that  apoptosis,  as  measured  by  TUNEL  assay,  was  most 
pronounced  in  preneoplastic  hyperplasias  and  associated  with  an  increased  expression  of  Bax. 
Furthermore,  apoptosis  was  reduced  in  both  normal  MECs  and  mammary  adenocarcinomas  with 
generation  of  crosses  between  the  Tag  mice  and  p53-nullizygous  mice  demonstrating  that 
apoptosis  was  entirely  independent  of  p53  status  and  that  the  absence  of  p53  was  without 
influence  on  the  expression  of  Bax  (Shibata  et.al,  1996;  Shibata  et.al,  1999).  Characterization 
of  C3(l)-ra^/bax-hemizygous  and  nullizygous  mice  resolved  that  partial  loss  of  Bax  resulted  in 
reduced  apoptosis  in  preneoplastic  mammary  lesions  with  subsequent  enhancement  of  tumor 
growth  rate,  number,  and  mass.  Interestingly,  no  alterations  in  apoptosis  or  cellular  proliferation 
levels  were  discovered  in  mammary  carcinomas  in  these  animals;  furthermore,  animals  in  which 
both  alleles  of  box  had  been  eliminated  evidenced  a  slightly  reduced  number  of  mammary 
lesions,  as  compared  to  the  bax  hemizygous  mice,  perhaps  due  to  mammary  gland  h5q)oplasia 
present  in  these  animals  (reduced  field  for  transforming  influence  of  Tag)  (Shibata  et.al,  1999). 
This  study  lends  further  weight  to  the  notion  that  Bax  is  a  tumor  suppressor  gene  and  is 
specifically  relevant  to  the  tumorigenic  processes  in  the  mammary  gland  (Yin  et.al,  1997; 
Shibata  et.  a/.,  1999). 

Of  great  interest  to  those  who  study  breast  cancer  and  c-Myc  is  the  nature  of  apoptosis  signaling 
by  c-Myc  and  its  contribution  to  the  suppression  of  tumorigenesis.  Constitutive  expression  of 
Bc1-xl  and/or  loss  of  bax  are  likely  to  disrupt  the  c-Myc-induced  apoptotic  pathways  without 


11 


significant  influence  on  c-Myc-mediated  cell  proliferation.  The  development  of  these 
combinatorial,  mammary-relevant  transgenic  models  (MMTV-c-nz>’c/tetOP-fef714/tetOP-6c/-Xi 
and  ftox-knockout/MMTV-c-wyc)  should  provide  a  convincing,  in  vivo  method  for  dissecting  the 
role  of  apoptosis  in  c-Myc-related  mammary  tumorigenesis  and  development  and  may  provide 
greater  resolution  of  molecular  pathways  that  might  be  exploited  for  clinical  assessment  and 
therapeutic  management  of  breast  cancer. 


SUMMARY  OF  RESEARCH  AND  TRAINING  ACCOMPLISHMENTS: 

This  final  report  of  training  and  research  accomplishments  covers  the  period  between  1  August 
1997  and  31  July  2000  for  Grant  #  DAMD 17-97- 1-71 10  entitled  “Cooperation  of  Bc1-xl  and  c- 
Myc  in  Mammary  Tumorigenesis”  conducted  by  the  principal  investigator  Matthew  Hunter 
Jamerson. 


Hypothesis:  Constitutive  expression  of  Bc1-xl  and  c-Myc  with  greatly  facilitate  tumorigenesis  in 
mouse  mammary  epithelial  cells  in  vivo  as  a  result  of  Bc1-xl  blocking  c-Myc-induced  apoptosis 
and  not  c-Myc-mediated  cell  cycle  progression  and  cellular  proliferation.  Furthermore, 
constitutive  expression  of  Bc1-Xl,  in  cell  lines  expressing  the  c-Myc  transgene,  will  block 
apoptosis  upon  cell  exposure  to  conditions  of  EGF  deprivation  and  TGF^l  addition  in  vitro. 

Revised  Hypotheses: 

A.  Constitutive  expression  of  c-myc  and  bcl-xi  in  a  bitransgenic  model  will  facilitate  mammary 
tumorigenesis  as  a  result  of  Bc1-xl  blockade  of  c-Myc-induced  apoptosis  and  not  c-Myc- 
mediates  cell  cycle  progression. 

B.  Constitutive  expression  of  c-myc  in  a  bax-xmW  background  will  facilitate  mammary 
tumorigenesis  due  to  a  disruption  of  the  c-Myc-induced  apoptotic  pathways. 


Specific  Aim  #1:  To  determine  whether  constitutive  overexpression  of  both  Bc1-xl  and 
c-Myc  will  cooperate  to  enhance  initiation  and  progression  of  mammary  tumors. 

A.  Specific  Aim  #1A:  To  determine  whether  constitutive  overexpression  of  both  Bc1-xl 
and  c-Myc  in  a  double  transgenic  mouse  model  will  enhance  mammary  tumorigenesis 
as  compared  with  c-Myc  single  transgenics. 

B.  Specific  Aim  #1B:  To  determine  whether  constitutive  overexpression  of  Bc1-xl  via 
retroviral-mediated  transduction  into  mouse  mammary  epithelial  cells  expressing  the 
c-myc  transgene  will  enhance  mammary  tumorigenesis  upon  reimplantation  and 
regrowth  in  a  cleared  mammary  fat  pad  of  a  syngenic  animal. 

Revised  Specific  Aim  #1 :  Develop  two  transgenic  model  systems  to  examine  the  cooperation  of 
c-Myc  with  6ax-knockout  and  bcl-xi  expression  in  mammary  tumorigenesis. 
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A.  Revised  Specific  Aim  #1  A:  Generate  iQiOV-ttalXQiOV-bcl-xiJMMTV-c-myc 
transgenic  mice,  ascertain  transgene  expression  using  tail  biopsy-derived  genomic 
DNA,  and  establish  study  groups. 

B.  Revised  Specific  Aim  #1B:  Generate  MMIV-c-wyc/ftox-knockout  transgenic  mice, 
ascertain  transgene  expression  (or  lack  thereof  for  bax)  using  tail  biopsy-derived 
genomic  DNA,  and  establish  study  groups. 

Summary  nf  Training  and  Research  Accomplishments  for  Revised  Specific  Aim  #1A: 

Two  MMTV-c-wyc  males  on  the  FVB  background  were  obtained  from  the  Charles  River 
Laboratories  (Wilmington,  MA)  in  September  1997  and  were  used  to  develop  a  breeding  colony 
of  c-myc  transgenic  mice  through  matings  with  non-transgenic  female  FVB  mice  under  a  current 
breeding  license  with  DuPont  Medical  Products  (Wilmington,  DE).  These  animals  were 
originally  developed  in  laboratory  of  Philip  Leder  (Harvard  University,  Boston,  MA)  and  find 
the  expression  of  murine  c-myc  driven  hy  the  mouse  mammary  tumor  virus  long  terminal  repeat 
promoter/enhancer  elements  (MMTV-LTR)  (Stewart  et.al.,  1984).  This  particular  breeding 
strategy  is  dictated  by  the  fact  that  c-myc  females  are  often  incapable  of  nursing  their  young  and 
subsequently  their  pups  succumb  to  starvation  and/or  cannabalism.  Ascertainment  of  the 
transgene  status  of  offspring  was  conducted  using  a  convenient  polymerase  chain  reaction 
(PCR)-based  strategy.  Genomic  DNA  was  obtained  from  tail  biopsy  material  and  was  utilized  in 
a  PCR  reaction  with  two  MMTV-c-myc  transgene-specific  primers:  MMTV-Myc5’  primer  as 
[5’-CCCAAG  GCTTAA  GTA  AGT  TTT  TGG-3’]  and  MMTV-Myc3’  primer  as  [5’-GGG  CAT 
AAG  CACAGA  TAA  AAC  ACT-3’].  The  constituents  of  each  c-myc  PCR  reaction  were  as 
follows:  28pL  Platinum  PCR  Supermix  (Gibco  BRL,  Rockville,  MD),  2|aL  of  genomic  DNA, 
and  IpL  of  mixed  primers  (stock  as  lOOng/pL).  The  c-myc  PCR  reaction  conditions  were  as 
follows:  42  cycles  of  60  seconds  @  95°C  for  denaturation,  60  seconds  @  52°C  for  annealing, 
and  75  seconds  @  72°C  for  extension.  Transgenic  animals  were  identified  by  the  resolution  of  a 
single  band  of  approximately  880bp  on  an  ethidium  bromide-stained  1.0%  agarose  gel 
(representative  example  given  as  FIGURE  1). 

Four  breeding  pairs  of  tctOP-bcl-xi  transgenic  mice  were  obtained  from  the  laboratory  of 
Priscilla  A.  Furth  (University  of  Maryland  Medical  School,  Baltimore,  MD)  in  April  1998  and 
were  subsequently  used  to  develop  a  breeding  colony  of  bcl-xi  transgenic  mice  through 
interbreeding  on  the  C57BL/6  background.  These  animals  were  originally  developed  in  the 
laboratory  of  Gabriel  Nunez  (University  of  Michigan  Medical  School,  Ann  Arbor,  MI)  and  find 
the  expression  of  bcTxi  under  the  control  of  tetracycline  operon  system  (tetOP).  Ascertainment 
of  the  transgene  status  of  offspring  was  conducted  using  a  convenient  PCR-based  strategy. 
Genomic  DNA  was  obtained  from  tail  biopsy  material  and  was  utilized  in  a  PCR  reaction  with 
two  XeiO?-bcl-XL  transgene  specific  primers:  BCLTG3’  primer  as  {5’ -CTG  AAG  AGT  GAG  CCC 
AGCAGA  ACC-3’]  and  BCLTG5’  primer  as  [5’-GCA  TTCAGTGAC  CTGACA  TC-3’].  The 
constituents  of  each  bcl-xi  PCR  reaction  were  as  follows:  27)a,L  Platinum  PCR  Supermix,  2p.L  of 
genomic  DNA,  and  IpL  of  mixed  primers  (stock  as  100ng/|j,L).  The  bcl-xi  reaction  conditions 
were  as  follows:  30  cycles  of  60  seconds  @  95°C  for  denaturation,  60  seconds  @  58°C  for 
annealing,  and  180  seconds  @  72°C  for  extension.  Transgenic  animals  were  identified  by  the 
resolution  of  a  single  band  of  approximately  450bp  on  an  ethidium  bromide-stained  1.0% 
agarose  gel  (representative  example  given  as  FIGURE  2). 
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In  the  absence  of  reliability  confirmation  and  with  the  delayed  availability  of  the  MMTV-to 
transgenic  mice,  we  chose  to  use  the  tetOP-tta  transgenic  mouse  as  the  basis  for  controlling  the 
tetOP-6c/-Xi  transgene  expression.  These  animals  were  originally  developed  in  the  laboratory  of 
David  Schatz  (Yale  University  Medical  School,  New  Haven,  CT)  to  acts  as  a  self-inducing 
tetracycline-regulatable  system  wherein  the  tetracycline  transactivator  protein  gene  {tta)  and  the 
luciferase  gene  {luc)  are  expressed  under  the  control  of  a  minimal  human  cytomegalovirus 
(hCMV)  promoter  and  a  series  of  seven  tandemly-repeated  tetracycline  responsive  operons 
(tetOP)  (Shockett  et.al,  1995).  It  should  be  noted  that  this  system  is  a  tet-OFF  system;  therefore, 
in  the  absence  of  the  antibiotic  tetracycline  (or  derivative  doxycycline),  constitutive  expression 
of  the  tetracycline  transactivator  protein  (tTA)  drives  the  expression  of  transgenes  possessing 
tetOP  elements.  Two  breeding  pairs  of  tetOP-«a  mice  were  obtained  from  the  Jackson 
Laboratories  (Bar  Harbor,  ME)  in  July  1998  and  were  subsequently  used  to  develop  a  breeding 
colony  of  tta  transgenic  mice  through  interbreeding  on  the  C57BL/6J  x  C3HeB/FeJLe-a  mixed 
background.  Ascertainment  of  transgene  status  of  offspring  was  conducted  using  a  convenient 
PCR-based  strategy.  Genomic  DNA  was  obtained  from  tail  biopsy  material  and  was  utilized  in  a 
PCR  reaction  with  two  tetOP-tto  transgene  specific  primers:  CMVFl  primer  as  {5''-TGA  CCT 
CCA  TAGAAGACA  CC-3’]  and  TTAREVl  primer  as  [S’-ATC  TCA  ATG  GCTAAG  GCG  TC- 
3’].  The  constituents  of  each  tta  PCR  reaction  were  as  follows:  28pL  Platinum  PCR  Supermix, 
2pL  of  genomic  DNA,  and  IpL  of  mixed  primers  (stock  as  50pM).  The  tta  reaction  conditions 
were  as  follows:  30  cycles  of  45  seconds  @  94°C  for  denaturation,  45  seconds  @  52°C  for 
annealing,  and  90  seconds  @  72°C  for  extension.  Transgenic  animals  were  identified  by  the 
resolution  of  a  single  band  of  approximately  290bp  on  an  ethidium  bromide-stained  1.0% 
agarose  gel  (representative  example  given  as  FIGURE  3). 

Following  the  establishment  of  these  breeding  colonies,  tetOP-6c/-x/,  transgenic  mice  were  mated 
with  tetOP-tto  transgenic  mice.  The  resultant  Fi  animals  should  find  the  bcl-xi  transgene 
constitutively  activated  in  nearly  all  tissues  in  the  absence  of  animal  tetracycline  dosing. 
Confirmation  of  Bc1-Xl  expression  was  achieved  by  Western  blot  analysis  of  mammary  tissue 
lysates  prepared  in  RIPA  buffer  (IX  PBS  with  1%  NP40,  0.5%  sodium  deoxycholate,  0.1%  SDS 
and  proteases/phosphatase  inhibitors),  electrophoresed  on  a  10%  polyacrylamide  gel  (under 
reducing  conditions),  transferred  to  a  Amersham-Pharmacia  (Buckinghamshire,  England) 
Hybond-N  membrane,  probed  with  a  Transduction  Laboratories  (San  Diego,  CA)  rabbit  anti¬ 
human/mouse  Bc1-xl  primary  antibody  (B22630),  a  New  England  Biolabs  /  Cell  Signaling 
(Beverly,  MA)  horseradish  peroxidase  (HRP)-conjugated  goat  anti-rabbit  secondary  antibody, 
and  resolved  using  the  enhanced  chemiluminescence  (ECL)  Super  Signal  reagant  from  Pierce 
(Rockford,  IL)  (FIGURE  4).  Finally,  female  tetOP-tto/tetOP-Z?c/-Xi  bitransgenic  mice  were 
mated  with  male  MMTV-c-wyc  transgenic  mice  to  yield  the  Fi  study  population  where  transgene 
ascertainment  for  each  of  the  three  transgenes  was  conducted  as  described  above  (representative 
example  given  as  FIGURE  5). 

For  the  ttalbcl-xiJmyc  tumor  studies,  females  were  recruited  into  one  of  three  groups:  the  virgin 
tumor  group,  the  parous  tumor  group,  and  the  developmental/involution  group.  In  the  virgin 
tumor  group,  female  mice  were  recruited  into  four  major  genotypic  subgroups  {ttalbcl-xjjmyc, 
ttdbd-xJ'NX,  ttalyNtImyc,  tto/wt/wt)  {n=14-15  mice/subgroup}  and  four  minor  genotypic 
subgroups  {yAlbcl-xiJmyc,  'fftlbcl-xJ'wX,  wt/wt/myc,  wt/wt/wt)  {n=4-5  mice/subgroup}.  In  the 
parous  tumor  group,  female  mice  were  recruited  into  four  major  subgroups  {ttalbcl-xiJmyc, 
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ttdbcl-xJ'ffX,  ttalv^ilmyc,  «a/wt/wt)  {n=3-10  mice/subgroup}  and  were  cohoused/continuously 
bred  with  a  single  male  mouse  commencing  when  the  study  female  mice  reached  10  weeks  of 
age.  FIGURE  6  displays  the  completed  recruitment  for  the  virgin  and  parous  tumor  groups. 

In  the  developmental/involution  study,  female  mice  were  recruited  into  five  major  genotypic 
subgroups  (ttalbcl-xiJmyc,  ttaIbcl-xil'xiX,  ttal'Nilmyc,  /m/wt/wt,  wt/wt/myc)  which  were  further 
subdivided  into  three  endpoints  (1  day,  3  days,  and  10  days  post-weaning).  Seven-week  old 
female  mice  (termed  ‘early-parous’  in  this  discussion)  in  this  study  were  bred  with  a  single  male 
mouse.  The  male  mouse  was  separated  from  the  female  mouse  when  pregnancy  was  grossly 
observable  (typically  between  12-15  day  post-coitus)  to  prevent  the  male  from  inseminating  the 
female  during  the  immediate  post-partum  estrus  period.  One  day  post-partum,  the  female  mouse 
and  her  pups  were  separated  (forced  weaning)  to  trigger  the  involution  process;  this  procedure 
was  made  necessary  to  standardize  among  the  study  subgroups  owing  to  the  fact  that  certain 
genotypes  exhibited  post-natal  pup  death  /  litter  loss.  FIGURE  7  displays  the  current 
recruitment  (and  total  planned  recruitment)  for  this  developmental/involution  study. 

Summary  nf  Training  and  Research  Accomnlishments  for  Revised  Specific  Aim  #1B: 

Two  female  and  four  male  Z>ax-knockout  mice  were  obtained  from  the  laboratory  of  Priscilla  A. 
Furth  (University  of  Maryland  Medical  School,  Baltimore,  MD)  in  March  1998  and  were 
subsequently  used  to  develop  a  breeding  colony  of  bax-normizygous,  bax-hemizygous,  and  bca- 
nullizygous  animals  through  interbreeding  on  the  C57BL/6J  x  129/SvJ  mixed  background. 

These  animals  were  originally  developed  and  characterized  in  the  laboratory  of  Stanley  J. 
Korsmeyer  (Washington  University  School  of  Medicine,  Saint  Louis,  MO)  and  find  the 
expression  of  the  bax  gene  eliminated  by  the  neomycin  cassette-mediated  disruption  of  bax 
exons  2-5  (Knudson  et.al,  1995).  Ascertainment  of  the  transgene  status  of  offspring  was 
conducted  using  a  convenient  PCR-based  strategy.  Genomic  DNA  was  obtained  from  tail  biopsy 
material  and  was  utilized  in  a  PCR  reaction  with  three  primers:  BPR2  primer  as  [S'’-GTT  GAC 
CAGAGTGGC  GTA  GG-3’],  MKl  primer  as  [5’-GAG  CTGATCAGA  ACC  ATC  ATG-T],  and 
NPR2  primer  as  [5’-CCG  CTT  CCA  TTG  CTCAGC  GG-3’].  The  constituents  of  each  bax  PCR 
reaction  were  as  follows:  31pL  Platinum  PCR  Supermix,  2)j,L  of  genomic  DNA,  and  IpL  of 
mixed  primers  (stock  as  41.6p,M  for  BPR2  and  NPR2,  6.25|j,M  for  MKl).  The  bax  PCR  reaction 
conditions  were  as  follows:  35  cycles  of  45  seconds  @  94°C  for  denaturation,  90  seconds  @ 

55°C  for  annealing,  and  120  seconds  @  72°C  for  extension.  6ax-normizygous  animals  were 
identified  by  the  resolution  of  a  single  band  of  approximately  320bp,  6ax-nullizygous  animals 
were  identified  by  the  resolution  of  a  single  band  of  approximately  600bp,  and  6ax-hemizygous 
animals  were  identified  by  the  presence  of  both  bands  (indicative  of  the  presence  of  a  wild-t3q)e 
bax  allele  and  a  disrupted  bax  allele)  on  ethidium  bromide-stained  1.0%  agarose  gels 
(representative  example  given  as  FIGURE  8). 

Since  ftox-nullizygous  males  are  infertile  due  to  a  blockade  of  the  spermatogenic  process  and  an 
accumulation  of  premeiotic  germ  cells  and  therefore  are  not  useful  as  breeders  (Knudson  et.al., 
1995)  and  these  knockout  mice  are  on  a  C57BL/6J  x  129/SvJ  mixed  background,  a  two-tiered 
breeding  strategy  was  employed  to  generate  transgenic  animals  possessing  c-myc  in  the  presence 
and/or  absence  of  bax  (FIGURE  9).  First,  MMTV-c-myc  males  were  mated  with  bax- 
nullizygous  females  to  generate  the  Fi  generation  of  feax-hemizygous/MMTV-c-ntyc  breeder 
males.  Subsequently,  these  Fi  breeder  males  were  mated  to  6ax-nullizygous  female  mice  to 
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yield  the  F2  study  population  where  transgene  ascertainment  for  c-myc  and  bca  were  conducted 
as  described  above  (representative  example  given  as  FIGURE  10). 

For  the  Zjox-knockout/c-wyc  tumor  studies,  females  were  recruited  into  one  of  three  groups:  the 
virgin  tumor  group,  the  parous  tumor  group,  and  the  developmental/involution  group.  In  the 
virgin  tumor  group,  female  mice  were  recruited  into  four  major  genotypic  subgroups  {bax-/-  myc, 
bax+/-  myc,  bax+/+  myc,  bax-/-  wt)  {n=l  1-14  mice/subgroup}  and  two  minor  genotypic 
subgroups  (bax+/-  wt,  bax+/+  wt)  {n=5  mice/subgroup}.  In  the  parous  tumor  group,  female 
mice  were  recruited  into  four  major  subgroups  (bax-/-  myc,  bax+/-  myc,  bax+/+  myc,  box-/-  wt) 
{n=8-10  mice/subgroup}  and  were  cohoused/continuously  bred  with  a  single  male  mouse 
commencing  when  the  study  female  mice  reached  10  weeks  of  age.  FIGURE  11  displays  the 
completed  recruitment  for  the  virgin  and  parous  tumor  groups. 

In  the  developmental/involution  study,  female  mice  were  recruited  into  five  major  genotypic 
subgroups  (box-/-  myc,  bax+/-  myc,  bax+/+  myc,  bax-/-  wt,  bax+/+  wt)  which  were  further 
subdivided  into  three  endpoints  (1  day,  3  days,  and  10  days  post-weaning).  Ten-week  old  female 
mice  in  this  study  were  bred  with  a  single  male  mouse.  The  male  mouse  was  separated  from  the 
female  mouse  when  pregnancy  was  grossly  observable  (typically  between  12-15  days  post¬ 
coitus)  to  prevent  the  male  from  inseminating  the  female  during  the  immediate  post-partum 
estrus  period.  One  day  post-partum,  the  female  mouse  and  her  pups  were  separated  (forced 
weaning)  to  trigger  the  involution  process;  this  procedure  was  made  necessary  to  standardize 
among  the  study  subgroups  owing  to  the  fact  that  certain  genotypes  exhibited  post-natal  pup 
death  /  litter  loss.  FIGURE  12  displays  the  current  recruitment  (and  total  planned  recruitment) 
for  this  developmental/involution  study. 


Sppdfir,  Aim  #2:  To  characterize  the  expression  of  Bc1-xl  and  c-Myc  expression  in  mammary 
tissues  and  correlate  specific  expression  with  histopathology  and  apoptosis  in  situ. 

Revised  Specific  Aim  #2:  Evaluate  alterations  in  mammary  tumorigenesis  resulting  fi-om  the 
cooperation  of  c-Myc  and  Bc1-xl  and  c-Myc  and  6ax-knockout.  Evaluate  transgene 
expression  (or  lack  thereof  for  bax),  apoptosis  and  proliferation  indices,  and  histology 
from  transgenic  animal  tumors  and  normal  mammary  tissues  and  correlate  molecular 
findings  with  histopathology. 

A.  Revised  Specific  Aim  #2 A:  Follow  F2  generation  study  animals  (c-myclttalbcl-xi 
cross)  to  determine  tumor  latency,  incidence,  multiplicity,  growth  kinetics,  metastasis, 
and  parity  dependence. 

B.  Revised  Specific  Aim  #2B:  Follow  F2  generation  study  animals  (bax-knockovAlc-myc 
cross)  to  determine  tumor  latency,  incidence,  multiplicity,  growth  kinetics,  metastasis, 
and  parity  dependence. 

C.  Revised  Specific  Aim  #2C:  Evaluate,  in  c-myclbcl-xi  bitransgenic  mice,  transgene 
expression,  apoptosis  and  proliferation  indices,  and  histology  from  transgenic  animal 
tumors  and  normal  mammary  tissues  and  correlate  molecular  findings  with 
histopathology. 

D.  Revised  Specific  Aim  #2D:  Evaluate,  in  ^jax-knockout/c-wyc  transgenic  mice. 
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transgene  expression,  apoptosis  and  proliferation  indices,  and  histology  from 
transgenic  animal  tumors  and  normal  mammary  tissues  and  correlate  molecular 
findings  with  histopathology. 

Summary  of  Training  and  Research  Accomplishments  for  Revised  Specific  Aim  #2A: 

Following  recruitment  of  F2  generation  study  animals  (from  ttalbcl-xjc-myc  crosses)  to  the 
virgin  and  parous  tumor  study  subgroups,  female  mice  were  examined  three  times  a  week  for  the 
development  of  mammary  masses  and/or  other  grossly  observable  morbidities.  At  the  time  of 
this  report,  all  virgin  study  females  in  all  genotypic  subgroups  have  been  sacrificed.  At  the  time 
of  this  report,  all  parous  study  females  in  all  genotypic  subgroups  have  been  sacrificed  (with  the 
exception  of  3  ttalbcl-xJ^Nt  females  that  will  be  sacrificed  by  1  June  2001  if  no  mammary 
masses  are  observed  prior  to  that  date).  In  the  absence  of  mammary  masses  and/or  other  grossly 
observable  morbidities,  virgin  tumor  study  female  mice  were  sacrificed  at  an  average  age  of 
391.79  days  (range  =  298-435  days).  FIGURE  13  provides  a  chart  of  the  virgin  tumor  study 
female  mice  and  their  age  at  sacrifice.  In  the  absence  of  mammary  masses  and/or  other  grossly 
observable  morbidities,  parous  tumor  study  female  mice  were  sacrificed  at  an  average  age  of 
375.25  days  (range  =  194-435  days).  FIGURE  14  provides  a  chart  of  the  parous  tumor  study 
female  mice,  parity  number,  and  their  age  at  sacrifice. 

Among  all  females  maintained  for  this  virgin  tumor  study,  only  two  mice  developed  grossly 
observable  pathologies  requiring  sacrifice  prior  to  study  termination.  Mouse  1 8i.  a  ’ssrtlbcl-xjmyc 
virgin  female,  was  found  to  have  5  ventrally  located  masses  coincident  with  her  mammary 
glands  (axillary  and  inguinal  glands  were  affected)  at  an  age  of  361  days.  This  animal  also 
evidenced  splenomegaly  upon  autopsy  and  dissection  (warranting  fixation  of  both  spleen  and 
liver  for  future  histopathological  examination).  Mammary  gland  tissue  and  masses  were 
harvested  at  the  time  of  sacrifice,  divided,  and  were  either  fixed  in  10%  neutral-buffered 
formalin  and  embedded  in  paraffin,  snap-frozen  in  liquid  nitrogen,  or  whole-mounted  (all 
procedures  will  be  described  in  Aim  #2C).  Mouse  57i.  a  ttal^Xlmyc  virgin  female,  was  found  to 
have  a  perivaginal  mass  at  an  age  of  345  days.  The  mammary  glands  of  this  mouse,  at  the  time 
of  sacrifice,  evidenced  a  high  adipose  content  without  obvious  mass  lesions.  The  perivaginal 
mass  was  divided  for  fixation  in  1 0%  neutral-buffered  formalin  and  snap-freezing  in  liquid 
nitrogen,  the  mammary  glands  were  divided  for  fixation,  snap-freezing,  and  whole  mounting, 
and  the  spleen  and  liver  were  also  collected  and  fixed. 

Among  all  females  maintained  for  this  parous  tumor  study,  only  two  mice  developed  grossly 
observable  pathologies  requiring  sacrifice  prior  to  study  termination.  Mouse  8w.  a  ttalbcl-xjmyc 
multiparous  female  (five  pregnancies),  was  found  to  have  3  masses  (left  shoulder  region,  left  3'^ 
gland  region,  right  axillary  region)  at  an  age  of  165  days.  Mammary  tissues  and  mass  lesions 
were  divided  for  fixation  and  snap-freezing  (as  well  as  whole-mounting).  Mouse  63u.  a 
ttal'Ntlmyc  multiparous  female  (six  pregnancies),  was  found  to  have  2  masses  (right  2"*^  gland 
region,  left  1®‘  gland  region)  at  an  age  of  183  days.  Mammary  tissues  and  mass  lesions  were 
divided  for  fixation  and  snap-freezing  (as  well  as  whole-mounting). 

Histopathological  examination  of  mammary  tissues  obtained  from  both  virgin  and  parous  tumor 
study  female  mice  is  currently  underway  and  should  provide  additional  information  concerning 
the  influence  of  c-myc  and  bcl-xi  in  mammary  development  and  tumorigenesis.  Assessment  of 
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tumor  latency,  incidence,  multiplicity,  and  parity  dependence  will  follow  quickly  from 
ascertainment  of  the  mass  lesions  taken  from  the  4  animals  described  above;  whereas, 
information  concerning  metastasis  will  require  additional  histopathological  evaluations 
(including  examination  of  liver,  spleen,  and  lung  tissues). 

Summary  of  Traininp  and  Research  Accomplishments  for  Revised  Specific  Aim  #2B: 

Following  recruitment  of  F2  generation  study  animals  (from  &ax-knockout/c-myc  crosses)  to  the 
virgin  and  parous  tumor  study  subgroups,  female  mice  were  examined  three  times  a  week  for  the 
development  of  mammary  masses  and/or  other  grossly  observable  morbidities.  At  the  time  of 
this  report,  all  virgin  study  females  in  all  genotypic  subgroups  have  been  sacrificed.  At  the  time 
of  this  report,  all  parous  study  females  in  all  genotypic  subgroups  have  been  sacrificed.  In  the 
absence  of  mammary  masses  and/or  other  grossly  observable  morbidities,  virgin  tumor  study 
female  mice  were  sacrificed  at  an  average  age  of 406.81  days  (range  =  317-436  days).  FIGURE 

15  provides  a  chare  of  the  virgin  tumor  study  female  mice  and  their  age  at  sacrifice.  In  the 
absence  of  mammary  masses  and/or  other  grossly  observable  morbidities,  parous  tumor  study 
female  mice  were  sacrificed  at  an  average  age  of  378.76  days  (range  =  164-483  days).  FIGURE 

16  provides  a  chart  of  the  parous  tumor  study  female  mice,  parity  number,  and  their  age  at 
sacrifice. 

Among  all  females  maintained  for  this  virgin  tumor  study,  only  three  mice  developed  grossly 
observable  pathologies  requiring  sacrifice  prior  to  study  termination.  Mouse  29 j.  a  c-myc  bax-/- 
virgin  female,  was  found  to  have  6  ventrally  located  masses  coincident  with  her  mammary 
glands  (left  and  right  nuchal  regions,  left  and  right  2"*^  gland  regions,  left  and  right  4th/5th 

gland 

regions)  at  an  age  of  341  days.  This  animal  also  evidenced  hepatosplenomegaly  at  the  time  of 
autopsy  and  dissection  (warranting  fixation  of  both  spleen  and  liver  for  further  histopathological 
examination).  Mammary  gland  tissues  and  mass  lesions  were  harvested  at  the  time  of  sacrifice, 
divided,  and  either  fixed  in  10%  neutral-buffered  formalin  and  embedded  in  paraffin,  snap- 
frozen  in  liquid  nitrogen,  or  whole  mounted  (all  procedures  will  be  described  in  Aim  #2C). 
Mouse  19i.  a  c-myc  bax+/-  virgin  female,  was  found  to  have  3  masses  (right  cranial  shoulder 
region,  midline  thoracic  region,  left  2"‘*  gland  region)  at  an  age  of  383  days.  Mammary  tissues 
and  mass  lesions  were  divided  for  fixation  and  snap-freezing  (as  well  as  whole-mounting). 
Mouse  73n.  a  c-myc  bax+/+  female,  was  found  to  have  one  mass  (right  cranial  shoulder  region) 
at  an  age  of  297  days.  Mammary  tissues  and  this  mass  lesion  were  harvested  and  divided  for 
fixation  and  snap-freezing  (note  that  liver,  spleen,  and  lung  tissues  were  also  harvested  and 
formalin-fixed  for  all  of  these  study  animals). 

To  date,  the  most  striking  grossly  observable  pathologies  have  been  in  evidence  in  the  parous 
tumor  study  group  for  the  c-myc  /  6ax-knockout  cross.  Among  all  females  maintained  for  this 
parous  tumor  study  group,  eight  mice  developed  mass  lesions  requiring  sacrifice  prior  to  study 
termination.  Mouse  7 Ip.  a  c-myc  bax-/-  multiparous  female  (four  pregnancies),  was  foimd  to 
have  one  mass  (right  3"^^  gland  region)  at  an  age  of  236  days.  Mouse  72p.  a  c-myc  bax-/- 
multiparous  female  (9  pregnancies),  was  found  to  have  one  mass  (right  3’^*^  gland  region)  at  an 
age  of  240  days.  Mouse  76n.  a  c-myc  bax+Z-  multiparous  female  (five  pregnancies),  was  found 
to  have  three  masses  (left  1®V2"‘’  gland  region,  right  3'“'^  gland  region,  right  4‘’’/5*’’  gland  region)  at 
an  age  of  233  days.  Mouse  73p.  a  c-myc  bax+Z-  multiparous  female  (6  pregnancies),  was  found 
to  have  two  masses  (left  2"*^  gland  region,  left  3'^‘*  gland  and  shoulder  regions)  at  an  age  of  1 93 
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days.  Mouse  79p.  a  c-myc  bax+/-  multiparous  female  (7  pregnancies),  was  found  to  have  four 
masses  (left  3''^  gland  region,  left  4*'’  gland  region,  right  3'^'^  gland  region,  right  4*/5*  gland 
region)  at  an  age  of  206  days.  Mouse  65a.  a  c-myc  bax+/-  multiparous  female  (7  pregnancies), 
was  found  to  have  2  masses  (left  3'^'^  gland  region,  left  4*/5*  gland  region)  at  an  age  of  252  days. 
Mouse  67a.  a  c-myc  bax+/+  multiparous  female  (7  pregnancies),  was  found  to  have  one  mass 
(right  2"^  gland  region)  at  an  age  of  220  days.  Mouse  4s.  a  c-myc  bax+/+  multiparous  female  (5 
pregnancies),  was  found  to  have  one  mass  (left  4*V5‘'^  gland  region)  at  an  age  of  183  days. 
Mammary  tissues  and  mass  lesions  were  divided  for  fixation  and  snap-fireezing  (as  well  as 
whole-mounting).  A  summary  of  the  mass  lesion  latency,  incidence,  and  multiplicity  for  this 
parous  tumor  study  is  presented  in  a  FIGURE  17. 

Histopathological  examination  of  mammary  tissues  obtained  from  hot  virgin  and  parous  tumor 
study  female  mice  is  currently  underway  and  should  provide  additional  information  concerning 
the  influence  of  6ax-knockout  and  c-myc  expression  in  mammary  development  and 
tumorigenesis.  Assessment  of  tumor  latency,  incidence,  multiplicity,  and  parity  dependence  will 
follow  quickly  from  ascertainment  of  the  mass  lesions  taken  from  the  1 1  animals  described 
above;  whereas,  information  concerning  metastasis  will  require  additional  histopathological 
evaluations  (including  examination  of  liver,  spleen,  and  lung  tissues). 

Summary  of  Training  and  Research  Accomplishments  for  Revised  Specific  Aim  #2C: 
Pathohistological,  immunohistochemical,  and  in  situ  histological  studies  are  being  conducted  on 
10%  neutral-buffered  formalin-fixed,  paraffin-embedded  mammary  and  mass  lesion  tissues  (as 
well  as  liver,  spleen,  and  lung  tissues  as  required).  To  date,  all  female  mice  from  both  the  virgin 
and  parous  tumor  studies  (with  the  exception  of  three  parous  study  animals)  have  been  sacrificed 
with  their  mammary  glands,  liver,  lungs,  spleen,  and  any  mass  lesions  harvested  at  the  time  of 
sacrifice.  The  liver,  lungs,  and  spleen  have  all  been  fixed  in  10%  neutral-buffered  formalin.  All 
mass  lesions  have  been  divided  at  the  time  of  sacrifice/harvest  with  one  portion  being  fixed  in 
10%  neutral-buffered  formalin,  while  the  remainder  has  been  snap-frozen  in  liquid  nitrogen  for 
future  protein  and  RNA  studies.  Finally,  the  mammary  glands  of  all  study  animals  have  been 
divided  at  the  time  of  sacrifice/harvest  with  the  tissue  being  split  between  formalin  fixation, 
snap-freezing,  and  mammary  gland  whole-mounting.  Mice  were  sacrificed  by  CO2  asphyxiation 
using  a  desiccator  into  which  the  flow  of  gas  can  be  strictly  controlled  by  a  gas-flow  regulator. 
Tissues  and  mass  lesions  were  rapidly  dissected  from  the  mouse  and  are  placed  into  10%  neutral- 
buffered  formalin,  liquid  nitrogen,  or  mammary  whole  mount  fixative  (Camoy’s  Fixative).  What 
follows  is  a  brief  description  of  the  procedures  used  in  processing  all  study-related  materials. 

For  mammary  whole  mounts,  briefly:  the  mammary  tissue  is  stretched  out  onto  a  Superfrost  Plus 
slide  (Fisher  Scientific,  Pittsburgh,  PA),  allowed  to  air  dry,  then  fixed  overnight  in  Camoy’s 
fixative  made  up  as  1  part  glacial  acetic  acid  (EM  Science,  Gibbstown,  NJ)  to  3  parts  ethanol 
(Warner-Graham  Company,  Cockeysville,  MD).  After  fixation,  the  whole  mount  is  rinsed  in 
distilled  water,  dehydrated  in  a  series  of  ethanols  (70%,  95%,  100%),  and  then  cleared  in  toluene 
from  1  to  3  days  (depending  on  the  adipose  content  of  the  glands).  Finally,  the  whole  mounts  are 
mounted  with  Permount  (Fisher),  cover-slipped  (Coming  Glass,  Coming,  NY),  and  allowed  to 
dry. 
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For  all  tissues  to  be  formalin-fixed,  briefly:  tissues,  masses,  and  organs  are  fixed  overnight  @ 
4°C  in  a  solution  of  10%  neutral-buffered  formalin  made  up  from  formalin  (EM  Science)  and  IX 
phosphate-buffered  saline  (Gibco  BRL,  Rockville,  MD).  Fixed  tissues  are  then  dehydrated 
through  a  series  of  ethanols  (70%,  95%,  100%),  cleared  in  xylene,  and  paraffmized  using  a 
Shandon  HyperCenter  XP  tissue  processor  (Shandon,  Pittsburgh,  PA).  Tissues  are  then 
embedded  in  paraffin  and  stored  @  4°C  prior  to  microtome  sectioning.  Prior  to  use  for 
histology,  immunohistochemistry,  or  tissue  in  situ  histochemistry,  paraffin-embedded  tissues  are 
section  at  5  microns,  floated  onto  Superfrost  Plus  slides,  and  dried  in  an  air  oven  overnight  @ 
40°C. 

For  hematoxylin/eosin  staining  of  all  tissues  sections,  briefly:  slides  (with  tissue)  are 
deparaffinized  through  successive  washes  in  xylene,  rehydrated  through  an  ethanol  series  (100%, 
95%,  70%),  and  rinsed  in  distilled  water.  Slides  are  then  stained  in  Harris’  hematoxylin  (Fisher), 
rinsed  in  running  tap  water  and  distilled  water,  dehydrated  in  70%  ethanol,  and  rapidly 
counterstained  with  eosin  solution.  Specimens  are  then  dehydrated  through  an  ethanol  series 
(70%,  95%,  100%),  cleared  in  xylene,  cover-slipped  and  mounted  using  Permount  (Fisher). 

For  evaluation  of  transgene  expression  and  proliferation  indices  by  immunohistochemistry, 
briefly:  slides  (with  tissue)  are  deparaffinized  and  rehydrated  through  successive  washes  in 
xylene  and  an  ethanol  series  (100%,  95%).  Slides  are  then  exposed  to  trypsinization  or 
microwave  antigen  retrieval  (depending  upon  conditions  optimized  for  each  antibody  used)  and 
are  serum  blocked.  Slides  are  then  exposed  to  the  primary  antibody  solution,  secondary  antibody 
solution,  Avidin-Biotin  Complex  (ABC)  Elite  reagent  (Vector  Labs,  Burlingame,  CA),  3,3’- 
diaminobenzidine  (DAB)  staining  substrate  (Sigma,  Saint  Louis,  MO),  Gill’s  hematoxylin 
(Fisher),  and  saturated  lithium  earbonate  (blueing  agent).  Slides  are  then  dehydrated  in  an 
ethanol  series  (95%,  100%),  cleared  in  xylene,  cover-slipped  and  mounted  using  Permount 
(Fisher). 

c-myc  and  bcl-xi  transgene  expression  will  be  assessed  by  immunohistochemistry  using  the 
following  primary  antibodies:  polyclonal  rabbit  anti-human/mouse  c-Myc  (06-340;  Upstate 
Biotechnology,  Lake  Placid,  NY)  and  polyclonal  rabbit  anti-human/mouse  Bc1-xl  (H-62;  Santa 
Cruz  Biotechnology,  Santa  Cruz,  CA).  The  Vectastain  ABC  Rabbit  Elite  kit  will  be  used  for 
secondary  antibody  detection  via  immunohistochemistry  of  the  aforementioned  targets.  The  in 
situ  proliferation  index  is  generated  using  immunohistochemistry  for  proliferating  cell  nuclear 
antigen  (PCNA)  as  was  described  in  the  transgenic  studies  conducted  in  laboratory  of  Jeffrey 
Green  (Shibata  et.al,  1999).  The  primary  antibody  used  for  detection  of  PCNA  is  monoclonal 
mouse  anti-human/mouse  PCNA  (PC-IO;  Dako,  Carpinteria,  CA).  Since  this  antibody  is  a 
mouse  monoclonal  that  will  be  used  on  mouse  tissues,  the  secondary  antibody  detection  system 
employed  will  be  the  Animal  Research  ICit  (Dako)  which  reduces  non-specific  secondary 
antibody  binding  to  tissue  endogenous  antibodies.  The  in  situ  apoptotic  index  is  generated  using 
the  ApopTag  kit  (Oncor,  Gaithersburg,  MD)  as  was  utilized  in  transgenic  studies  in  the 
laboratories  of  Priscilla  Furth  and  Jeffrey  Green  (Li  et.al.,  1996a;  Shibata  et.al.,  1999). 

Summary  of  Training  and  Research  Accomplishments  for  Revised  Specific  Aim  #2D: 
Pathohistological,  immunohistochemical,  and  in  situ  histological  studies  are  being  conducted  on 
10%  neutral-buffered  formalin-fixed,  paraffin-embedded  mammary  and  mass  lesion  tissues  (as 
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well  as  liver,  spleen,  and  lung  tissues  as  required).  To  date,  all  female  mice  from  both  the  virgin 
and  parous  tumor  studies  have  been  sacrificed  with  their  mammary  glands,  liver,  lungs,  spleens, 
and  any  mass  lesions  harvested  at  the  time  of  sacrifice.  The  liver,  lungs,  and  spleen  have  all  been 
fixed  in  10%  neutral-buffered  formalin.  All  mass  lesions  have  been  divided  at  the  time  of 
sacrifice/harvest  with  one  portion  being  fixed  in  1 0%  neutral-buffered  formalin,  while  the 
remainder  has  been  snap-frozen  in  liquid  nitrogen  for  future  protein  and  RNA  studies.  Finally, 
the  mammary  glands  of  all  study  animals  have  been  divided  at  the  time  of  sacrifice/harvest  with 
the  tissue  being  split  between  formalin  fixation,  snap-freezing,  and  mammary  gland  whole¬ 
mounting.  Mice  were  sacrificed  by  CO2  asphyxiation  using  a  desiccator  into  which  the  flow  of 
gas  can  be  strictly  controlled  by  a  gas-flow  regulator.  Tissues  and  mass  lesions  were  rapidly 
dissected  from  the  mouse  and  are  placed  into  10%  neutral-buffered  formalin,  liquid  nitrogen,  or 
mammary  whole  mount  fixative  (Camoy’s  Fixative).  The  procedures  used  in  processing  of  all 
study-related  materials  are  as  described  in  Specific  Aim  #2C  with  the  exception  of  the 
immunohistochemical  assessment  of  the  expression  (or  lack  thereof)  for  bax  which  is  assessed 
using  the  following  primary  antibodies:  polyclonal  rabbit  anti-human/mouse  Bax  (N-20;  Santa 
Cruz)  and  polyclonal  rabbit  anti-human/mouse  Bax  (1-19;  Santa  Cruz). 


Specific  Aim  #3:  To  determine  whether  cell  lines  derived  from  study  animal  mammary  tissues 
exhibit  different  levels  of  growth  factor  /  growth  inhibitor  independence  and  resistance  to 
apoptosis. 

A.  Specific  Aim  #3  A:  To  determine  whether  cell  lines  derived  from  the  single  and 
double  transgenic  mice  exhibit  different  levels  of  growth  factor/  growth  inhibitor 
independence  and  resistance  to  apoptosis. 

B.  Specific  Aim  #3B:  To  determine  whether  cell  lines  derived  from  c-myc  transgene 
expressing  mammary  tissues  transduced  with  control  and  Bcl-XL-expressing  retroviral 
vectors  exhibit  different  levels  of  growth  factor  /  growth  inhibitor  independence  and 
resistance  to  apoptosis. 

Revised  Specific  Aim  #3:  Evaluate  the  growth  factor  dependence,  growth  inhibitor  sensitivity, 
and  apoptotic  resistance  of  cell  lines  derived  from  transgenic  murine  mammary  tumors  and 
mammary  tissues. 

A.  Revised  Specific  Aim  #3  A:  Evaluate  the  growth  factor  dependence,  growth  inhibitor 
sensitivity,  and  apoptotic  resistance  of  cell  lines  derived  from  z-myclttalbcl-xi 
transgenic  murine  mammary  tumors  and  mammary  tissues. 

B.  Revised  Specific  Aim  #3B:  Evaluate  the  growth  factor  dependence,  growth  inhibitor 
sensitivity,  and  apoptotic  resistance  of  cell  lines  derived  from  6<3x-knockout/c-/nyc 
transgenic  murine  mammary  tumors  and  mammary  tissues. 

Summary  of  Training  and  Research  Accomplishments  for  Revised  Specific  Aim  #3  A: 

Cell  lines  will  be  developed  from  tumors  and/on  non-tumorous  mammary  tissues  from  the 
parous  tumor  study  animals  by  means  employed  in  Amundadottir  et.al.  (1996).  Briefly,  animals 
are  sacrificed  using  CO2  asphyxiation  and  tumors  are  harvested,  divided,  and  digested  in  DMEM 
media  (Biofluids,  Rockville,  MD)  enriched  with  fetal  calf  serum  (FCS;  Bio  fluids),  EOF  (Upstate 
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Biotechnology),  insulin  (Biofluids),  and  0.01  nig%  collagenase  lA  (Sigma).  Cultures  are 
enriched  for  epithelial  content  over  a  period  of  one  to  two  months  by  differential  tr3^sinization. 
Resultant  cell  lines  will  be  evaluated  for  in  vitro  proliferative  and  apoptotic  responses  to  culture 
in  the  presence  and  absence  of  previously-identified,  mammary-relevant  growth  factors  (TGFa, 
EGF,  basic  fibroblast  growth  factor {bFGF},  insulin-like  growth  factor  1  {IGFl})  and  growth 
inhibitors  (TGFP).  Anchorage-dependent  and  independent  growth  assays  as  well  as  apoptosis 
detection  assays  will  be  conducted  as  previously  described  (Amundadottir  et.al.,  1996). 

Summary  of  Training  and  Research  Accomplishments  for  Revised  Specific  Aim  #3B: 

Evaluation  of  growth  factor  dependence,  growth  inhibitor  sensitivity,  and  apoptosis  resistance  of 
cell  lines  derived  from  bax-VnockouXic-myc  transgenic  mammary  tumors  and  tissues  will  be 
conducted  as  described  in  Specific  Aim  #3  A. 


Specific  Aim  #4:  To  resolve  the  in  vivo  tumorigenic  potential  of  the  aforementioned  cell  lines 
via  reimplantation  in  athymic  mice. 

Revised  Specific  Aim  #4:  Evaluate  the  tumorigenicity  of  cell  lines  derived  from  transgenic 
murine  mammary  tumor  and  mammary  tissues  in  athymic  mice. 

A.  Revised  Specific  Aim  #4A:  Evaluate  the  tumorigenicity  of  cell  lines  derived  from  c- 
mycIttalbcl-XL  transgenic  murine  mammary  tumor  and  mammary  tissues  in  ath3miic 
mice. 

B.  Revised  Specific  Aim  #4B:  Evaluate  the  tumorigenicity  of  cell  lines  derived  from 
bax-kmokouilc-rnyc  transgenic  murine  mammary  tumor  and  mammary  tissues  in 
athymic  mice. 

Summary  of  Training  and  Research  Accomplishments  for  Revised  Specifie  Aim  #4A: 

The  tumorigenicity  of  the  cell  lines  developed  in  Specific  Aim  #3  A  will  be  assessed  by 
subcutaneous  injection  of  each  cell  line  into  female,  athymic  mice  with  approximately  10^  cells 
injected  at  each  of  four  sites  on  the  recipient  animals  (Amundadottir  et.al.,  1996).  All  surgical 
procedures  will  be  performed  using  sterile  equipment,  techniques,  and  cell  lines,  on  recipient 
animals  maintained  under  anesthesia  as  per  approved  Animal  Care  and  Use  Guidelines.  All 
injection  sites  will  be  monitored  three  times  a  week  with  growth  of  mass  lesions  assessed  by 
caliper  measurements. 

Summary  of  Training  and  Research  Accomplishments  for  Revised  Specific  Aim  #4B: 

The  tumorigenicity  of  the  cell  lines  developed  in  Specific  Aim  #3B  will  be  assessed  as  described 
in  Specific  Aim  #4A. 
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KEY  RESEARCH  ACCOMPLISHMENTS 
For  Final  Report  -  Grant  #  DAMD17-97-1-7110 
“Cooperation  of  Bc1-Xl  and  c-Myc  in  Mammary  Tumorigenesis” 

P.I.  Matthew  Hunter  Jamerson 

^  Development  of  effective  breeding  strategies  for  the  generation  of  the  two  transgenic  models 
utilized  in  this  work  {ttaibcl-xilz-myc  and  bax-kxiockout/c-myc) 

Development  and  optimization  of  PCR-based  assays  for  c-myc,  bcl-xi,  tta  transgenic  and 
6ax-knockout  mouse  genotyping 

^  Confirmation  of  Bc1-xl  expression  in  mammary  gland  whole  cell  lysates  in  tetOP-f/a/tetOP- 
bcl-xi  bitransgenic  mice 

*  Optimization  of  mammary  gland  whole-mounting  procedure  for  assessment  of  transgene- 

induced  alterations  in  mammary  gland  development 

^  Recruitment  of  all  virgin  and  parous  tumor  study  animals,  both  major  and  minor  genotypic 
subgroups,  for  both  transgenic  murine  mammary  tumor  models 

*  Sacrifice  and  tissue/organ  harvest  from  all  virgin  tumor  study  animals  for  both  transgenic 

murine  mammary  tumor  models 

*  Sacrifice  and  tissue/organ  harvest  from  nearly  all  parous  tumor  study  animals  for  both 

transgenic  murine  mammary  tumor  models 

Recruitment  of  approximately  50%  of  all  developmental/involution  study  animals  for  both 
transgenic  murine  mammary  tumor  models 

Current  optimization  of  immunohistochemical  procedures  for  resolution  of  transgene 
expression,  proliferative  index  assessment,  and  in  situ  apoptosis  detection 

Current  optimization  of  procedures  for  cell  line  development  and  tumor  and  cell  line 
transplantation  studies  in  athymic  mice 
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REPORTABLE  OUTCOMES 
For  Final  Report  -  Grant  #  DAMD17-97-1-7110 
“Cooperation  of  Bc1-Xl  and  c-Myc  in  Mammary  Tumorigenesis” 
P.I.  Matthew  Hunter  Jamerson 
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Degrees  Obtained: 

1 .  Work  supported  by  this  Grant  will  contribute  to  the  completion  of  the  requirements  for  a 

Ph.D.  in  Tumor  Biology  for  the  Principal  Investigator,  Matthew  Hunter  Jamerson,  as  part 
of  the  course  of  study  for  the  combined  M.D./Ph.D.  program 


Informatics  -  Animal  Models: 

1.  Generated  triple  transgenic  murine  model:  tetOP-to  /  tetOP-i>c/-Xi  /  MMTV-c-myc 

2.  Generated  transgenic/knockout  murine  model:  6ax-Knockout  /  MMTV-c-myc 
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•  t 


Informatics  -  Cell  Lines: 

1.  Mammary  tumor  and/or  normal  tissue  cells  lines  are  being  developed  from  tetOP-fra  /  tetOP- 

bd-xilMMIW-c-myc  Parous  Study  Animals 

2.  Mammary  tumor  and/or  normal  tissue  cells  lines  are  being  developed  ^)ax-Knockout  / 

MMTV-c-wyc  Parous  Study  Animals 
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CONCLUSIONS 

For  Final  Report  -  Grant  #  DAMD17-97-1-7110 
“Cooperation  of  BcI-Xl  and  c-Myc  in  Mammary  Tumorigenesis” 

P.I.  Matthew  Hunter  Jamerson 

This  Final  Report  addresses  Grant  #  DAMD17-97-1-71 10  entitled  “Cooperation  of  Bc1-xl  and  c- 
Myc  in  Mammary  Tumorigenesis,  a  Pre-Doctoral  Training  Fellowship,  covering  research 
conducted  by  the  principal  investigator  Matthew  Himter  Jamerson  (an  M.D./Ph.D.  student  at  the 
Lombardi  Cancer  Center,  Georgetown  University  Medical  Center)  during  the  period  from  1 
August  1997  through  31  July  2000.  Work,  on  the  studies  proposed  in  this  Grant,  is  still  ongoing 
and  it  is  anticipated  that  all  proposed  Specific  Aims  will  be  addressed  during  the  course  of  the 
Principal  Investigator’s  Ph.D.  thesis  research.  All  future  publications,  lectures,  and  poster 
abstracts  concerning  any  work  resulting  from  the  studies  addressed  by  this  Grant  will 
acknowledge  the  support  and  funding  of  the  Department  of  Defense  Breast  Cancer  Research 
Program  and  the  United  States  Army  Medical  Research  and  Materiel  Command. 

The  principal  investigator,  Matthew  Hunter  Jamerson,  was  involved  in  the  completion  of 
graduate  coursework  during  the  period  stretching  from  August  1997  through  May  1998  while 
commencing  the  research  described  in  the  Specific  Aims  of  this  Grant.  It  should  be  further  noted 
that  the  delayed  receipt  of  the  transgenic  animals  required  for  the  proposed  experimentation 
slowed  work  on  the  Specific  Aims  outlined  in  the  Grant.  The  initial  transgenic  animals,  for 
establishment  of  breeding  colonies  and  subsequent  crossings,  were  not  received  until  the 
following  dates:  MMTV-c-/nyc  in  September  1997,  Z^ax-knockout  in  March  1998,  tetO?-bcl-XL 
in  April  1998,  and  tetOP-«a  in  July  1998.  As  a  result  of  these  delays,  as  well  as  setbacks 
involving  animal  fecundity/sterility  and  breeding  scheme  complexity,  the  majority  of  the  work 
on  the  Specific  Aims  covered  in  this  Grant  were  commenced  during  the  second  year  of  the  award 
(July- August  1998).  The  Department  of  Defense  Breast  Cancer  Research  Program  and  United 
States  Army  Medical  Research  and  Materiel  Command  should  be  assured  that  the  proposed 
studies  are  ongoing/maturing  and  that  proper  acknowledgement  shall  be  given  for  their  support. 

It  should  also  be  quickly  summarized  that  the  principal  investigator  on  this  Pre-Doctoral 
Training  Fellowship,  Matthew  Hunter  Jamerson,  is  currently  training  as  an  M.D./Ph.D.  student  at 
Georgetown  University  and  that  in  addition  to  the  study  results  gained  from  the  conduct  of  this 
research,  the  Grant  also  has  further  supported  the  training  of  the  principal  investigator  as  a  future 
Physician-Scientist  in  biomedical  research,  cancer  research,  and  specifically  Breast  Cancer 
research.  The  principal  investigator  covered  by  this  Grant  is  currently  working  on  research  with 
the  intention  of  achieving  a  Ph.D.  in  Tumor  Biology;  furthermore,  the  principal  investigator  has 
completed  two  years  of  M.D.  training  and  will  conclude  the  final  two  years  of  M.D.  training,  at 
the  Lombardi  Cancer  Center  and  Georgetown  University  Medical  Center,  upon  defense  of  his 
Ph.D.  thesis.  It  should  be  noted  that  this  Pre-Doctoral  Traineeship  has  not  only  funded  the 
research  conducted  but  also  has  contributed  to  the  foundation  of  the  principal  investigator’s 
training  as  a  future  oncologist.  Following  the  completion  of  the  M.D./Ph.D.  training  program, 
the  principal  investigator  intends  to  conduct  a  Residency  in  Internal  Medicine  specializing  in 
Hematology/Oncology  and  a  Fellowship  in  Oncology.  Finally,  the  principal  investigator  intends 
to  pursue  a  career  in  Academic  Medicine  working  on  cancer  research  from  both  the  basic  science 
and  clinical  research  perspectives. 
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Work  on  the  Specific  Aims  outlined  in  the  Grant  Proposal  and  subsequent  Grant  Annual 
Summaries  and  Final  Report  has  proceeded  to  the  point  where  all  necessary  animals  have  been 
recruited,  sacrificed,  and  processed  for  the  long-term  virgin  and  parous  tumor  studies  for  the 
ttdbd-xiJc-myc  and  6ax-knockout/c-7nyc  crosses.  Recruitment  and  tissue  harvesting  is  greater 
than  60%  completed  for  the  short-term,  developmental/involution  study  for  the  two  transgenic 
experiments  and  should  be  completely  recruited  and  processed  by  June  2001.  Results  to  date, 
absent  any  microscopic  histological  and  pathohistological  examinations  (which  are  currently 
commencing  for  both  virgin  and  parous  tumor  studies),  suggest  a  possible  cooperative  role  in 
tumorigenesis  between  c-myc  and  6ax-knockout  in  one  of  the  transgenic  models  (as  was 
identified  for  SV40  large  T  antigen  and  Z)ux-knockout  by  the  laboratory  of  Jeffrey  Green)  but 
have  failed  to  identify  a  strong  cooperative  role  between  c-myc  and  bcl-xi  in  our  other  transgenic 
model.  As  far  as  is  the  case  for  the  ftox-knockout/c-myc  parous  tumor  study,  it  appears  that  box 
haploinsufficiency  may  contribute  to  both  tumor  incidence  and  tumor  multiplicty;  however, 
additional  microscopic  and  molecular  evaluations  are  warranted  and  currently  underway. 

Gross  pathological  examinations  of  virgin  and  parous  tumor  study  animals  for  the  bcl-xjc-myc 
crossing  has  failed  to  yet  identify  any  significant  cooperative  role  in  mammary  tumorigenesis. 
The  absence  of  c-wyc-mediated  mammary  tumorigenesis  in  these  F2  generation  virgin  and 
parous  tumor  study  animals  suggest,  perhaps,  that  the  mixed  genetic  background  of  the  study 
animals  may  be  suppressing  mammary  tumorigenesis  by  altering  the  influence  of  c-myc  on 
distinct  transforming  pathways  (including  cell  proliferation,  apoptosis,  and  genetic  instability). 
The  potential  confounding  nature  of  mouse  hybrid  backgrounds  on  mammary  tumorigenesis  is 
further  supported  by  the  weight  of  evidence  from  the  hax-knockout/c-/nyc  F2  study  animals  (a 
hybrid  background  that  is  distinct  from  that  of  the  bcl-xilc-myc  cross  but  certainly  not  an  inbred 
strain,  nonetheless)  where  c-wyc-mediated  mammary  tumorigenesis  was  less  penetrant  than  the 
100%  expected  from  the  c-myc  transgenic  studies  conducted  on  the  FVB  and  C57BL/6J  inbred 
backgrounds  alone.  One  potential  change  that  could  be  pursued  in  the  future  examination  of  the 
cooperation  between  c-myc  and  these  two  apoptosis-regulatory  genes  would  find  tumorigenesis 
studies  conducted  on  an  inbred  background  strain  to  eliminate  the  confoimding  and  difficult  to 
identify  genetic  and  epigenetic  variables  that  arise  from  studies  conducted  on  hybrid  murine 
strains.  Of  course,  the  contrary  situation  could  also  be  appreciated  in  the  fact  that  humans  are 
not  inbred  animals  and  that  data  gleaned  from  the  use  of  hybrid  mice  might  more  closely  model 
tumorigenesis  that  occurs  in  people. 

It  will  be  important  (as  has  been  proposed  in  this  Grant)  to  identify  the  molecular  character  of 
transgene  expression  (or  lack  thereof  for  bax)  in  the  F2  generation  study  animal  mammary 
glands.  A  tumorigenesis  result  is  grossly  manifest  for  the  6ux-knockout/c-/wyc  study  where  c- 
myc  is  certainly  expressed  in  the  mammary  epithelium  (due  to  the  influence  of  the  MMTV-LTR 
promotional  elements)  absent  one  or  both  copies  of  bax  (since  the  knockout  of  bax  is  present 
within  every  cell  of  these  mice).  The  fact  that  a  tumorigenesis  result  is  not  grossly  evident  in  the 
bcl-xJc-myc  study  may  reflect  a  more  basic  issue  of  transgene  expression  patterning.  Owing  to 
the  fact  that  the  MMTV-LTR-tto  mouse  was  unavailable  for  conduct  of  these  studies,  tctO? -tta 
animals  were  obtained  and  bred  with  tetOP-bcl-xi  mice  to  yield  a  means  for  eliciting  the 
expression  of  bcl-XL  in  the  animals.  Preliminary  protein  expression  studies  conducted  on  whole 
mammary  gland  lysates  suggest  that  Bc1-xl  protein  is  abundantly  expressed  in  the  mammary 
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glands  of  ttaibcl-xi  bitransgenic  mice;  however,  it  is  possible  that  the  expression  of  Bc1-xl  is 
limited  to  a  mammary  gland  compartment  (e.g.  adipocyte,  myoepithelium,  stromal)  in  which  the 
gene  is  incapable  of  interacting  with  the  myc  transgene  to  influence  either  tumorigenesis  of 
mammary  development.  The  ongoing  histological  and  immunohistochemical  studies  on  the 
mammary  gland  tissues  obtained  from  the  ttalbcl-xd^-myc  study  animals  should  provide  a  more 
clear  answer  as  to  whether  these  two  transgenes  were  expressed  in  a  fashion  that  could  allow  for 
a  phenotypic  manifestation  of  their  cooperation  (or  potential  lack  thereof)  in  mammary 
tumorigenesis.  Any  recapitulation  of  this  particular  tumorigenesis  study  would  benefit  from  the 
use  of  the  MMTV-fra  transgenic  mouse  to  drive  the  expression  of  the  tetOP-fecZ-xi  in  the  same 
cells  as  the  z-myc  transgene.  All  ongoing,  aforementioned  studies  contribute  to  our  molecular 
understanding  of  the  development  of  breast  cancer  and  therefore  contribute  to  the  Department  of 
Defense  Breast  Cancer  Research  Programmatic  goal  of  funding  basic  science  research  and  future 
clinical  translations. 
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PCR  Assessment  of  Mouse  Genotype:  c-myc 

PCR  Assessment  of  Mouse  Genotype:  bcl-xi 

PCR  Assessment  of  Mouse  Genotype:  tta 

Confirmation  of  tetOP  System  Activity  in  Mammary  Gland 

PCR  Assessment  of  Mouse  Genotype:  tta! bcl-xiJ c-myc  F2  Study  Animals 

ttalbcl-xj c-myc  Study  Animals:  Virgin  and  Parous  Group  Recruitment 

ttaibcl-xil c-myc  Study  Animals:  Developmental/Involution  Study  Recruitment 

PCR  Assessment  of  Mouse  Genotype:  ftox-Knockout 

Breeding  Strategies:  MMTV-c-m>^c  /  6ax-Knockout 

PCR  Assessment  of  Mouse  Genotype:  c-myc  /  feav-Knockout  F2  Study  Animals 

c-myc  /  6ax-Knockout  Study  Animals:  Virgin  and  Parous  Group  Recruitment 

c-myc  /  Ziox-Knockout  Study  Animals:  Developmental/Involution  Study 
Recruitment 

ttalbcl-xjc-myc  Virgin  Tumor  Study:  Age  at  Sacrifice 

ttaibcl-xil c-myc  Parous  Tumor  Study:  Parity  Number  and  Age  at  Sacrifice 

c-myc  /  6ax-Knockout  Virgin  Tumor  Study:  Age  at  Sacrifice 

c-myc  /  ^lajc-Knockout  Parous  Tumor  Study:  Parity  Number  and  Age  at  Sacrifice 

c-myc  /  Ziax-Knockout  Parous  Tumor  Study:  Summary 
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'  FIGURE  6 

ttalhd-xJc-mvc  Study  Animals:  Virgin  and  Parous  Group  Recruitment 
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FIGURE  7 

ttalbcl-xrlc-mvc  Study  Animals:  Developmental/Involution  Study  Recruitment 
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Seven-week  old  female  mice  are  bred  with  single  male  mice. 

Litters  are  removed  at  day  1  post-partum  and  mothers  are  sacrificed  at  days  1,  3,  and  10  post-‘weaning’. 
n  =  2-3  mothers  per  genotypic  and  involution  phase  subgroup 

*  Mammary  glands  are  divided  for  formalin-fixation  and  whole-mounting. 

Animal  ID’s  in  bold  =  living  animals 
Animal  ID’s  in  italics  =  sacrificed 
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FIGURE  8 
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FIGURE  11 


c-mvc  /  Aar-Knnckout  Study  Animals:  Virgin  and  Parous  Group  Recruitment 
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FIGURE  12 


c-mvc  I  ^gy-Knockout  Study  Animals:  Developmental/Involution  Study 

Recruitment 
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Ten- week  old  female  mice  are  bred  with  single  male  mice. 

Litters  are  removed  at  day  1  post-partum  and  mothers  are  sacrificed  at  days  1,  3,  and  10  post-‘weaning’. 
n  =  2-3  mothers  per  genotypic  and  involution  phase  subgroup 

*  Mammary  glands  are  divided  for  formalin-fixation  and  whole-mounting. 

Animal  ID’s  in  bold  =  living  animals 
Animal  ID’s  in  italics  =  sacrificed 
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FIGURE  13 


ttaIbcl-xJc-mvc  Virgin  Tumor  Study:  Age  at  Sacrifice 
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FIGURE  14 


ttalbd-xrlc-mvc  Parous  Tumor  Study:  Parity  Number  and  Age  at  Sacrifice 
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FIGURE  15 


c-mvc  /  ^ox-Knockout  Vir^n  Tumor  Study:  A^e  at  Sacrifice 


MAJOR  GENOTYPES  -  VIRGIN  TUMOR 
STUDY 


1  mvc  bax  -/- 

Ij 

12j 

20j 

21j 

29j 

37k 

38k 

97k 

431 

64m 

89n 

lOo 

■ 

Oo 

412 

412 

412 

345 

412 

419 

412 

404 

384 

385 

385 

1  mvc  bax  +/- 

V 

24i 

69i 

82i 

84i 

93i 

94i 

2j 

19j 

35j 

36j 

61j 

6k 

43k 

47k 

■ 

427 

427 

417 

417 

417 

417 

418 

400 

412 

412 

436 

427 

419 

419 

mvc  bax  +/+ 

V 

15j 

34j 

37 j 

38j 

83k 

41 

58m 

55n 

73n 

81n 

35o 

90o 

12p 

92p 

■ 

412 

412 

412 

412 

407 

407 

379 

387 

320 

386 

386 

363 

362 

348 

90i 

91i 

31j 

81k 

271 

441 

lip 

42r 

51r 

58r 

81s 

94s 

417 

417 

412 

434 

409 

404 

362 

333 

333 

327 

317 

317 

MINOR  GENOTYPES  -  VIRGIN 
TUMOR  STUDY 


wt  bax  +/-  V 
age  @  Sac  (d) 

23i  28i  30i  5j  47p 
423  423  423  412  354 

wt  bax  +/+  V 
age  @  Sac  (d) 

27i  31i  77i  96i  24j 
423  423  417  417  412 

Genotype  Avg.  age  @ 


Sac 


myc  bax 
myc  bax  +/- 
myc  bax  +/+ 
wt  bax  -/- 

400  days 

419  days 

385  days 

401  days 

wt  bax  +/- 
wt  bax  +/+ 

407  days 

418  days 

ID's  in  bold  =  animals  sacrificed  w/  grossly  observable  mass 
lesions 


53 


FIGURE  16 


c-mvc  I  ^a:y-Knockout  Parous  Tumor  Study:  Parity  Number  and  Age  at 

Sacrifice 
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FIGURE  17 


c-mvc  /  Aflx-Knockout  Parous  Tumor  Study:  Summary 

SUMMARY  OF  PAROUS  TUMOR  STUDY  GROSS  OBSERVABLE  MASS 
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Dual  regulation  of  proliferation  and  apoptosis:  c-myc  in  bitransgenic  murine 
mammary  tumor  models 
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Recent  progress  in  the  study  of  c-Myc  has  convincingly 
demonstrated  that  it  possesses  a  dual  role  in  regulating 
both  proliferation  and  apoptosis;  however,  the  manner  in 
which  c-Myc  influences  these  cellular  response  pathways 
remains  incompletely  characterized.  Deregulation  of  c- 
Myc  expression,  via  many  mechanisms,  is  a  common 
feature  of  multiple  cancers  and  is  an  especially 
prominent  feature  of  many  breast  cancers.  Of  significant 
interest  to  those  who  study  mammary  gland  development 
and  neoplasia  is  the  unresolved  nature  and  contribution 
of  apoptosis  to  breast  tumorigenesis.  Recently,  the  use  of 
transgenic  mice  and  gene-knockout  mice  has  allowed 
investigators  to  evaluate  the  pathological  mechanisms  by 
which  different  genes  influence  tumor  development  and 
progression.  In  this  review,  we  address  two  distinct  c- 
wj^c-containing  bitransgenic  murine  mammary  tumor 
models  and  discuss  the  contribution  and  possible  future 
directions  for  resolution  of  cancer-relevant  molecular 
pathways  influenced  by  c-Myc.  Oncogene  (2000)  19, 
1065-1071. 

Keywords:  transgenic  mice;  mammary  gland;  c-myc; 
TGFa;  p53 


Introduction 

The  use  of  transgenic  mice  and  mice  bearing  targeted 
gene  disruptions  (knockout  mice)  has  given  rise  to 
current  paradigms  for  the  mechanistic  evaluation  of 
processes  relevant  to  both  physiology  (e.g.,  embryogen- 
esis,  growth  control  and  differentiation,  morphogen¬ 
esis)  and  pathology  (e.g.,  neurodegenerative  disease, 
hypertension,  rheumatoid  arthritis,  neoplasia).  Over  20 
years  ago,  the  combination  of  murine  embryo  culture 
with  the  techniques  of  reimplantation,  DNA  micro¬ 
injection,  and  mammalian  retrovirus  manipulation 
resulted  in  the  generation  of  the  first  transgenic  mice. 
These  animals  were  produced  by  embryo  infection  and 
microinjection  methodologies  (Brinster,  1972;  Jaenisch, 
1976;  Gordon  et  al.,  1980).  Three  years  later,  the  first 
example  of  a  tissue-specific  transgenic  animal  was 
published  (IgK  gene  expression  in  murine  spleen),  thus 
establishing  the  refined  capacity  for  examining 
exogenous  gene  expression  in  models  with  greater  in 
vivo  relevance  (Brinster  et  al.,  1983).  Then,  in  1984,  the 
first  transgenic  animal  was  generated  for  the  purpose 
of  evaluating  the  relevance  of  a  cellular  proto- 
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oncogene,  c-myc,  to  mammary  development  and 
tumorigenesis  (Stewart  et  al.,  1984).  Subsequently,  a 
burgeoning  field  of  mammary-specific  transgenic 
murine  models  has  been  generated  and  characterized, 
greatly  advancing  our  understanding  of  the  molecular 
basis  for  the  contribution  of  growth  factors,  oncogenes 
and  tumor  suppressor  genes  to  the  pathogenesis  of 
breast  cancer. 

In  this  review,  we  will  address  two  different  c-myc- 
containing  bitransgenic  murine  models  {c-mycjtgfcf.  and 
c-myclp53^‘-)  that  our  group  (Amundadottir  et  al, 
1995;  McCormack  et  al,  1998)  and  two  other  groups 
(Elson  et  al,  1995;  Sandgren  et  al,  1995)  have 
generated.  We  shall  also  discuss  the  contributions 
these  models  have  made  to  our  understanding  of 
breast  cancer  and  of  molecular  pathways  that  are 
influenced  by  the  c-myc  oncogene. 

c-myc  oncogene,  the  mammae  and  breast  cancer 

c-Myc  is  a  439-amino  acid  nuclear  transcription  factor 
that  interacts  with  DNA  when  heterodimerized  with 
the  Max  protein.  This  heterodimerization  is  required 
for  c-Myc-mediated  cell  cycle  progression,  transforma¬ 
tion,  and  apoptosis,  and  is  facilitated  via  C-terminal 
leucine  zipper  and  basic  helix-loop-helix  motifs 
(Harrington  et  al,  1994;  Packham  et  al,  1995).  c- 
Myc  has  been  demonstrated  to  contribute  to  a  number 
of  important  cellular  functions,  including  cell  cycle 
progression,  apoptosis  and  DNA  anabolism.  In 
addition,  c-Myc  plays  a  role  in  cellular  transformation 
via  both  transcriptional  upregulation  and  transcrip¬ 
tional  repression  of  target  genes.  The  former  occurs 
through  established  E-box  or  other  less  well-defined 
promoter  elements,  while  the  latter  is  most  likely 
mediated  through  initiator  elements  or  in  conjunction 
with  other  transcriptional  modulators  such  as  AP-2 
and  C/EBP  (Facchini  et  al,  1998;  Dang,  1999).  The 
Dual  Signal  model,  as  proposed  by  Gerard  Evan, 
suggests  that  induction  of  apoptosis  is  an  obligate 
function  of  c-myc  expression  and  acts  as  a  potent 
mechanism  for  the  suppression  of  tumorigenesis  (Evan 
et  al,  1993).  c-Myc  expression,  coupled  with  any  block 
to  cellular  proliferation,  such  as  growth  arrest  caused 
by  serum  or  growth  factor  deprivation,  has  been 
demonstrated  in  fibroblasts  to  result  in  apoptosis, 
independent  of  cell  cycle  phase  (Evan  et  al,  1992). 
However,  this  does  not  occur  in  benzo[a]pyrene- 
immortalized  human  mammary  epithelial  cells 
(MECs)  transfected  with  c-myc  and  deprived  of 
epidermal  growth  factor  (EGF)  (Nass  et  al,  1998). 
Instead,  these  cells  arrest  in  the  G1  phase  of  the  cell 
cycle  and  do  not  undergo  apoptosis. 

c-Myc  expression  is  increased  in  the  normal 
mammary  gland  during  pregnancy-related  prolifera- 
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tion,  it  is  absent  in  differentiated  mammary  alveolar 
cells  during  lactation,  and  it  is  again  increased  during 
the  normal  apoptotic  mammary  involution  process 
(Strange  et  al.,  1992).  c-Myc  is  believed  to  be  a  nuclear 
mediator  of  mitogenic  signals  incident  upon  cells  from 
various  receptor  systems  and  is  contributory  to,  but 
not  sufficient  for,  mammary  epithelial  cell  transforma¬ 
tion  (Leder  et  al.,  1986;  Telang  et  al.,  1990). 
Constitutive  expression  of  c-myc  has  been  shown  to 
partially  transform  both  mouse  and  human  MECs, 
such  that  they  grow  in  soft  agar  in  response  to  EOF 
and  transforming  growth  factor  a  (TGFa)  (anchorage- 
independent  growth),  and  are  no  longer  as  dependent 
upon  these  growth  factors  for  anchorage-dependent 
growth  as  are  the  parental,  non-transfected  cells 
(Telang  et  al.,  1990;  Valverius  et  al,  1990).  Further¬ 
more,  deregulated  expression  of  c-myc,  via  multiple 
mechanisms,  including  translocation,  proviral  insertion, 
gene  amplification,  point  mutation,  and  direct  tran¬ 
scriptional  effects,  is  a  common  feature  of  many  human 
cancers  (including  breast,  lung,  liver  and  colon),  and  is 
thought  to  contribute  to  cellular  proliferation  and 
transformation  when  apoptosis  is  suppressed  (Evan  et 
al.,  1992;  Santoni-Rugiu  et  al,  1998;  Dang,  1999).  In 
human  breast  cancers,  c-myc  is  amplified  in  approxi¬ 
mately  16%,  rearranged  in  approximately  5%,  and 
overexpressed  in  the  absence  of  gross  locus  alteration 
in  nearly  70%  of  all  cases,  thus  suggesting  its 
importance  in  the  genesis  and/or  progression  of  breast 
cancer  (Nass  et  al.,  1997;  Deming  et  al.,  1999). 

Three  groups  have  independently  developed  trans¬ 
genic  mice  that  express  the  c-myc  oncogene  in  a 
mammary-associated  (MMTV-c-myc)  or  mammary- 
specific  (WAP-c-myc)  context  (Stewart  et  al.,  1984; 
Schoenenberger  et  al.,  1988;  Sandgren  et  al.,  1995).  In 
addition  to  these  c-myc  transgenic  animals,  another 
group  has  developed  a  mouse  model,  using  a  mammary 
tissue  reconstitution  method,  in  which  the  \-myc 
oncogene  is  expressed  by  a  retrovirus  throughout  the 
reconstituted  mammae  (Edwards  et  al.,  1988).  Both 
groups  that  have  generated  WAP-c-myc  transgenic 
mice  have  reported  a  high  incidence  of  mammary 
tumors;  Schoenenberger  described  the  tumors  as 
adenocarcinomas,  while  Sandgren  described  them  as 
solid  carcinomas.  In  both  cases,  tumor  incidence 
approached  100%  in  multiparous  animals,  with  all 
virgin  animals  remaining  tumor-free  over  the  observa¬ 
tion  period  (to  14  months  of  age).  Additionally,  both 
groups  reported  the  expression  of  the  c-myc  transgene 
in  both  neoplastic  mammary  tissue  as  well  as  in 
mammary  tissue  from  normal  female  mice  during  the 
latter  part  of  pregnancy  and  throughout  lactation 
(Schoenenberger  et  al.,  1988;  Sandgren  et  al.,  1995). 
These  findings  are  as  expected  owing  to  the  temporal 
window  for  the  hormone-driven  activity  of  the  whey 
acid  protein  (WAP)  gene  promoter.  Stewart  et  al., 
(1984)  reported  the  presence  of  mammary  adenocarci¬ 
nomas  in  100%  of  multiparous  FI  female  transgenic 
mice  derived  from  founder  141-3  in  which  the  murine 
mammary  tumor  virus  long  terminal  repeat  (MMTV- 
LTR)  had  been  placed  immediately  upstream  of  the 
mouse  c-myc  locus  containing  all  three  exons. 
Interestingly,  WAP-c-myc  and  MMTV-c-myc  female 
transgenic  mice  display  lengthy  tumor  latencies  and 
exquisite  dependence  upon  pregnancy  for  tumor 
development,  suggestive  not  only  of  the  contribution 


but  also  of  the  insufficiency  of  c-myc  in  mammary 
tumorigenesis. 

Transforming  growth  factor  ol,  the  mammae  and  breast 
cancer 

TGFa  is  a  secreted,  50-amino  acid  glycoprotein, 
derived  from  an  active,  membrane-bound  160-amino 
acid  precursor.  TGFa  demonstrates  a  high  level  of 
homology  (~42%)  with  EGF  (Martinez-Lacaci  et  al., 
1999),  and  both  molecules  bind  the  epidermal  growth 
factor  receptor  (EGFR)  with  high  affinity.  The  growth 
factor  family  to  which  TGFa  and  EGF  belong  is  now 
known  to  contain  about  15  mammalian  genes 
(Martinez-Lacaci  et  al.,  1999).  TGFa  binding  to 
EGFR  (also  termed  c-ErbBl)  has  been  demonstrated 
to  result  in  receptor  homodimerization  as  well  as 
heterodimerization  between  c-ErbBI  and  c-ErbB2,  c- 
ErbB3  and/or  c-ErbB4,  when  present.  Receptor 
dimerization  leads  to  receptor  autophosphorylation 
and  activation  of  downstream  signalling  pathways 
including  p42/p44  MAf>K,  JNK/SAPK,  PI3K,  PLC 
and  cAMP/PKA  (Dickson  and  Lippman,  1995;  Siegel 
et  al.,  1998;  Martinez-Lacaci  et  al.,  1999).  TGFa  is 
expressed  in  normal  murine  mammae  within  the  basal 
cells  of  the  epithelium  and  the  terminal  cells  of  the  end 
buds  (Snedeker  et  al,  1991;  Martinez-Lacaci  et  al., 
1999).  It  is  also  present  in  murine  and  human  mammae 
during  pregnancy  (Liscia  et  al.,  1990)  and  has  been 
demonstrated  to  have  similar  growth  effects  upon 
human  and  murine  mammary  epithelial  cells  in  vitro 
(Salomon  et  al.,  1987;  Bates  et  al.,  1990;  Valverius  et 
al.,  1989).  Exogenous  TGFa  expression  has  also  been 
reported  to  contribute  to  the  transformation  of  murine 
MECs  that  have  been  previously  immortalized, 
suggesting  that  growth  factor  expression  can  coop¬ 
erate  with  other  established  genetic  alterations  in 
mammary  tissue  in  transforming  pathways  (Shankar 
et  al,  1989;  McGeady  et  al.,  1989).  Early  evidence 
demonstrated  increased  TGFa  expression  in  mammary 
tumors  versus  normal  mammary  gland  (Derynck  et  al, 
1987;  Arteaga  et  al,  1988;  Bates  et  al,  1988;  Travers  et 
al,  1988);  however,  the  current  paradigm  for  EGF 
family  growth  factor  participation  in  breast  cancer  also 
involves  the  establishment  of  a  pro-survival,  pro- 
proliferative,  autocrine  stimulatory  loop  with  EGFR. 
The  EGFR  has  also  been  found  to  be  overexpressed 
with  or  without  gene  amplification  in  approximately 
50%  of  breast  cancers  (Harris  et  al,  1988;  Dickson  et 
al,  1995;  Dahiya  et  al,  1998;  Martinez-Lacaci  et  al, 
1999,  De  Luca  et  al,  1999). 

Three  groups  have  independently  developed  trans¬ 
genic  mouse  models  in  which  the  TGFa  growth  factor 
is  expressed  in  a  metal  ion-inducible,  general  tissue 
context  (MTl-rg/a)  (Sandgren  et  al,  1990;  Jhappan  et 
al,  1990),  a  mammary-associated  context  (MMTV- 
tgfa)  (Matsui  et  al,  1990),  or  a  mammary-specific 
context  (WAP-rg/a)  (Sandgren  et  al,  1995).  The  two 
groups  that  generated  MTl-tgfa  transgenic  mice  used 
rat  and  human  tgfx  under  the  control  of  the  heavy- 
metal  inducible  murine  metallothionein  (MT)  promo¬ 
ter.  Each  group  reported  that  TGFa  expression 
significantly  influenced  mammary  gland  development 
and  MEC  proliferation  as  examined  using  mammary 
gland  whole  mounts.  In  addition,  TGFa  expression 
contributed  to  mammary  alveolar  hyperplasia  and 
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mammary  adenocarcinoma  in  multiparous  female 
transgenic  mice  (Sandgren  et  aL,  1990;  Jhappan  et 
al,  1990).  MMTV-LTR-driven  expression  of  the  tgfa 
transgene  was  also  shown  to  contribute  to  mammary 
alveolar  hyperplasia  in  virgin  female  mice  and  to 
mammary  adenocarcinoma  in  multiparous  female  mice. 
Furthermore,  TGFa  protein  expression  was  confirmed 
and  a  TGFa/EGFR  autocrine  loop  was  suspected  due 
to  the  increased  presence  of  EGFR  mRNA  in  areas  of 
increased  expression  of  the  transgene  (Matsui  et  al., 
1990).  Finally,  results  from  the  characterization  of  the 
WAP-tg/a  transgenic  model  suggest  that  constitutive 
tgfoL  expression  accelerates  mammary  development, 
impedes  apoptotic  involution,  and  contributes  to 
mammary  transformation  by  acting  as  a  survival 
factor  for  differentiated  murine  MECs  (Sandgren  et 
al,  1995).  Significantly,  the  requirement  for  pregnancy 
and  the  extended  tumor  latency  for  TGFa  transgenic 
models  illustrates  that  TGFa  is  likely  to  be  incapable 
of  serving  as  the  sole  cause  of  mammary  cancers. 
Rather,  TGFa  overexpression  is  likely  to  be  one 
promotional  step  along  a  multistep  oncogenic  path- 
way(s).  Therefore,  it  is  particularly  interesting  that  the 
tumorigenicity  of  cancer  cell  lines  (liver)  has  been 
associated  with  the  dual  overexpression  of  tgfa  and  c- 
myc,  suggesting  a  possible  cooperativity  between  these 
two  genes  (Lee  et  al.,  1991). 

MMTV-c-myc/MT-igfo:  and  WAF’C^myc/WAP-ig^cc 
bitransgenic  mice 

The  MMTY-c-mycjMMTV-\’Ha-ras  cross  generated  in 
1987  was  the  first  c-wj^c-containing  bitransgenic  mouse 
(Sinn  et  al.,  1987).  Characterization  of  this  bitransgenic 
mouse  model  demonstrated  that  deregulated  c-myc 
expression  synergized  with  deregulated  v-Ha-ras 
expression  to  both  accelerate  mammary  tumorigenesis 
and  abrogate  the  requirement  for  pregnancy  in  this 
process.  Interestingly,  mammary  tumors  were  demon¬ 
strated  in  both  virgin  female  and  male  bitransgenic 
mice,  despite  a  further  delay  in  tumor  onset  in  males  of 
nearly  2  months.  Eight  years  later,  our  group  and 
another  group  reported  the  generation  and  character¬ 
ization  of  mice  bitransgenic  for  c-myc  and  tgfa,  lending 
support  to  the  notion  that  signalling  through  the 
EGFR  and/or  activation  of  Ras  could  synergize  with 
deregulated  c-myc  expression  in  mammary  tumorigenic 
processes  (Amundadottir  et  al,  1995;  Sandgren  et  al, 
1995).  The  MMTV-c-mj^c/MT-rg/a  bitransgenic  mice 
from  our  laboratory  develop  multiple  mammary 
adenocarcinomas  with  a  much  reduced  latency,  and 
do  so  in  the  absence  of  any  requirement  for  pregnancy 
or  ovarian  hormone  stimulation.  These  mammary 
adenocarcinomas  grew  without  requirement  for  estro¬ 
gen  (i.e.,  without  delayed  tumor  growth  in  ovariecto- 
mized  bitransgenic  female  mice)  despite  being  estrogen 
receptor  positive,  as  shown  by  estrogen  receptor 
ligand-binding  assay.  Furthermore,  histological  evalua¬ 
tion  of  mammary  gland  tissue  from  both  female  and 
male  animals  as  young  as  5  weeks  of  age  evidenced 
both  hyperplastic  and  neoplastic  changes  in  areas  of 
transgene  co-expression  (Amundadottir  et  al,  1995). 
The  complete  absence  of  normal  mammary  tissue  in 
bitransgenic  animals  and  the  ability  of  bitransgenic 
mammary  tissue  from  3  week-old  mice  to  form  tumors 
in  athymic  mice  suggest  that  these  two  important, 
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mammary  gland-relevant  genes  {c-myc  and  tgfa)  are 
capable  of  synergistically  transforming  the  mammary 
epithelium,  apparently  requiring  minimal,  if  any, 
additional  genetic  alterations  (Amundadottir  et  al, 
1995,  1996a).  These  studies  also  demonstrated  that  c- 
myc  and  tgfix  are  capable  of  further  cooperation  to 
drive  hyperplastic  and  neoplastic  changes  in  the  murine 
salivary  glands.  This  was  not  seen  in  single  transgenic 
animals  carrying  c-myc  or  tgfa  (Amundadottir  et  al, 
1995).  Characterization  of  the  WAP-c-wyc/WAP-rg/a 
bitransgenic  model  confirmed  the  potent  synergy  of 
these  two  genes  in  promoting  and  accelerating 
mammary  tumor  formation,  when  compared  with  the 
relevant  single  transgenic  animals.  Furthermore,  the 
power  of  this  cooperative  interaction  between  c-myc 
and  tgfa  is  demonstrated  in  both  our  model  and  the 
WAP-based  model  since  both  male  and  virgin  female 
bitransgenic  animals  develop  mammary  tumors 
(Amundadottir  et  al,  1995;  Sandgren  et  al,  1995). 
The  WAP  promoter  utilized  in  the  latter  study  to  drive 
the  expression  of  the  c-myc  and  tgfa  transgenes  is  often 
presumed  to  drive  transgene  expression  only  in  the 
latter  part  of  pregnancy  and  throughout  lactation  and 
involution.  However,  the  presence  of  mammary  tumors 
in  male  and  virgin  female  bitransgenics  suggests  that 
the  MMTV  and  WAP  promoters  may  be  slightly 
ieaky’,  in  the  sense  that  minimal  transgene  expression 
may  still  occur  even  in  the  absence  of  ovarian  hormone 
stimulation  or  that  minimal  promoter  activity  may  be 
present  during  estrous  in  these  mice. 

Subsequent  work  in  our  laboratory  with  single 
transgenic  mice,  c-mycjtgfa  bitransgenic  mice,  and  cell 
lines  derived  from  transgenic  mouse  mammary  tumors, 
has  led  to  the  hypothesis  that  TGFa  can  cooperate 
with  c-Myc  in  promoting  cell  cycle  progression  and  can 
act  to  suppress  c-Myc-induced  apoptosis  (Amunda¬ 
dottir  et  al,  1996b;  Nass  et  al,  1996,1998).  Our  results, 
together  with  those  from  another  group,  have 
suggested  that  transformation,  maintenance  of  trans¬ 
formation,  and  suppression  of  apoptosis  in  c-myc- 
overexpressing  mammary  tumor  cell  lines  derived  from 
transgenic  animals  may  require  signalling  through  the 
p42/p44  MAPK  and  PI3K  pathways,  both  of  which 
are  targets  of  the  activated  EGFR  (Amundadottir  et 
al,  1998;  Wang  et  al,  1999).  In  situ  end  labeling 
apoptosis  assays  (TUNEL  staining)  in  paraffin- 
embedded  mammary  tumor  sections  from  transgenic 
animals  indicated  the  presence  of  apoptotic  mammary 
cells  in  c-myc  transgenic  tumors  and  their  near  absence 
in  tumors  from  the  tgfa  and  c-mycjtgfa  transgenic  mice 
(Amundadottir  et  al,  1996b).  Data  from  our  tumor  cell 
lines  indicate  that  coexpression  of  c-myc  and  tgfa 
results  in  increased  cell  proliferation  under  anchorage- 
dependent  and  anchorage-independent  conditions,  a 
reduced  requirement  for  exogenous  growth  factor 
stimulation,  and  greatly  decreased  apoptosis.  This 
protection  from  apoptosis  is  abrogated  when  EGFR 
signalling  is  blocked  by  addition  of  PD  153035 -a 
specific,  synthetic  EGFR  tyrosine  kinase  inhibitor. 
Furthermore,  the  myc83  cell  line,  and  an  additional 
five  other  cell  lines  derived  from  mammary  tumors  in 
c-myc  transgenic  mice,  were  significantly  more  apopto¬ 
tic  than  cell  lines  derived  from  either  tgfa  or  c-mycjtgfa 
bitransgenic  mammary  tumors.  The  frequency  of 
apoptotic  cells  could  be  considerably  suppressed  by 
the  addition  of  exogenous  TGFa  or  EGF.  Conversely, 
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apoptosis  was  considerably  accentuated  when  EGFR 
signalling  was  blocked  via  PD  153035.  This  augmenta¬ 
tion  of  apoptosis  was  sensitive  to  reversal  by  addition 
of  the  survival  factor  basic  fibroblast  growth  factor 
(bFGF),  which  interacts  with  its  own  specific  family  of 
receptors  and  does  not  associate  with  EGFR 
(Amundadottir  et  al.^  1996b). 

Molecular  characterization  of  apoptosis  in  c-myc- 
overexpressing  murine  MECs  derived  from  the  MMTV- 
c-myc  transgenic  mice  led  to  the  recognition  that  Bc1-Xl, 
an  anti-apoptotic  member  of  the  Bcl-2  family  of 
apoptosis  regulatory  proteins,  is  a  likely  mediator  of 
TGFa  and  EGF-directed  protection  against  c-myc- 
driven  apoptosis.  Bc1-Xl  mRNA  and  protein  levels 
were  elevated  with  TGFa  or  EGF  treatment  of  these  c- 
m>^c-expressing  cell  lines,  and  expression  of  this  anti- 
apoptotic  molecule  was  significantly  diminished  with 
growth  factor  removal,  TGFj?  treatment,  or  PD  153035 
treatment.  In  addition,  levels  of  Bax  (a  pro-apoptotic 
Bcl-2  family  member)  and  p53  appeared  relatively  high 
and  unchanged,  while  Bcl-2  and  Bcl-Xs  (another  pro- 
apoptotic  Bcl-2  family  member)  levels  remained  low  or 
undetectable  with  these  aforementioned  treatments 
(Nass  et  al.,  1996).  The  work  in  our  laboratory  has 
led  to  the  following  models  for  the  cooperation  between 
c-Myc  and  TGFa  in  proliferation  and  apoptosis  in  the 
mouse  mammary  gland:  First,  with  respect  to  prolifera¬ 
tion,  deregulated  c-Myc  may  drive  cellular  proliferation 
by  upregulating/inducing  cyclin  A2,  E2F1,  cyclin  E, 
cdc25A  phosphatase,  and  CAK-activating  partner 
cdk7,  and  by  lowering  p27  levels  resulting  in  cdk2 
activation.  In  contrast,  TGFa  overexpression  leads  to 
the  induction  of  cyclin  D1  and,  subsequently,  the 
activation  of  cdk4/6  (Liao  et  al.,  2000).  The  combina¬ 
tion  of  these  two  effects  may  further  deregulate  the  cell 
cycle.  Second,  with  respect  to  apoptosis,  deregulated  c- 
myc  expression  may  promote  apoptosis  by  directly 
inducing  p53  expression,  and  by  directly  or  indirectly 
inducing  Bax  expression.  Bax  has  been  shown  to  be 
directly  responsive  to  p53  and  also  to  be  a  potential 
target  for  c-Myc  induction  because  of  the  location  of 
four  E-boxes  within  the  Bax  promoter/5'-UTR 
(Miyashita  et  al.,  1995).  At  present,  there  is  no 
published  evidence  that  c-Myc  functions  through  these 
elements  to  induce  Bax  expression.  As  previously 
mentioned,  TGFa  appears  to  activate  cellular  survival 
pathways  and  induce  the  expression  of  the  anti- 
apoptotic  protein  Bc1-Xl  (Nass  et  al.,  1996).  This 
work,  combined  with  results  from  the  characterization 
of  MMTV-c-mycjV^A?-bcl-2  bitransgenic  mice, 
strongly  suggests  that  mammary  tumorigenesis  is 
significantly  increased  when  deregulated  c-myc  expres¬ 
sion,  responsible  both  for  driving  cellular  proliferation 
as  well  as  increasing  cellular  sensitivity  to  apoptosis,  is 
coupled  with  other  genetic  alterations  that  act  as 
survival  signals  to  block  c-mj^c-mediated  apoptotic 
pathways.  In  this  latter  study,  bcl-2  expression 
accelerated  mammary  tumorigenesis  and  suppressed  in 
vivo  mammary  tumor  apoptosis  (Jager  et  al.,  1997). 

p53  tumor  suppressor  gene,  the  mammae  and  breast 
cancer 

p53  is  a  393-amino  acid  nuclear  phosphoprotein 
transcription  factor  known  to  bind  DNA  upon 
stabilization  induced  by  cell  cycle  checkpoint  controls. 


p53  transactivation  increases  the  expression  of  genes 
involved  in  such  distinct  processes  as  apoptosis,  DNA 
repair,  and  cell  cycle  arrest  (Evan  et  al.,  1998;  El-Deiry, 
1998).  p53  has  often  been  termed  the  ‘guardian  of  the 
genome’  owing  to  the  fact  that  it  plays  such  a  critical 
role  as  a  tumor  suppressor  by  orchestrating  cell  cycle 
arrest  and  DNA  repair  upon  recognition  of  certain 
levels  of  DNA  damage.  Cell  cycle  inhibitory  activities 
are  believed  to  be  controlled  by  p53-dependent 
transcriptional  activation  of  genes,  including  p21/ 
WAFl/CIPl,  14-3-30-,  and  GADD45.  In  addition  to 
its  role  in  DNA  damage  recognition,  the  p53  tumor 
suppressor  has  also  been  linked  to  the  recognition  of 
oncogene  activation  {c-myc  and  adenovirus  El  A), 
subsequently  resulting  in  apoptosis  induction  via  a 
pathway  that  includes  ARF  and  MDM2  (Zindy  et  al., 
1998;  de  Stanchina,  et  al.,  1998;  Sherr,  1998).  p53  is 
capable  of  promoting  apoptosis  upon  recognition  of 
severe,  irreparable  DNA  damage,  DNA  damage  in  the 
context  of  other  environmental  conditions  unfavorable 
for  maintenance  of  genomic  integrity,  and  abnormal 
cellular  proliferation  as  driven  by  oncogene  activation. 
Thus  far,  p53-dependent  apoptosis  has  been  demon¬ 
strated  to  result  from  the  transcriptional  activation  of 
genes,  including  Bax,  Fas/Apoi/CD95,  and  DR5  Trail 
receptor,  and  from  transcriptional  repression  of  the 
anti-apoptotic  gene  Bcl-2  (Canman  et  al.,  1997;  El- 
Deiry,  1998). 

Little  information  exists  concerning  the  expression 
pattern  for  wild-type  p53  during  development  in  either 
human  or  murine  mammary  glands.  One  study 
indicates  that  p53  mRNA  is  expressed  during 
pregnancy  and  involution,  but  not  during  lactation 
(Strange  et  al.,  1992).  Another  study,  however,  suggests 
that  the  complete  absence  of  p53  expression  does  not 
alter  the  histological  or  functional  development  of  the 
mammae  in  mice,  since  p53-^^  mice  remain  capable  of 
lactation  (Donehower  et  al.^  1992).  As  regards  the  role 
of  p53  in  mammary  apoptosis,  both  p5 3-dependent  and 
p53-independent  apoptosis  have  been  demonstrated  in 
cultured  MECs  (Merlo  et  al.,  1995).  In  mice,  one  study 
has  indicated  that  post-lactational  mammary  involu¬ 
tion  and  apoptosis  proceed  normally  without  regard 
for  p53  status  (Li  et  al,  1996);  whereas,  another  study 
has  demonstrated  that  the  first  phase  of  mammary 
involution  is  delayed  in  p5 3-null  animals  (Jerry  et  al., 
1998). 

The  p53  tumor  suppressor  is  one  of  the  most 
frequently  altered  genes  in  a  wide  variety  of  human 
cancers,  including  breast  cancer  (Donehower  et  al., 
1993).  Breast  cancer,  along  with  sarcomas,  brain 
tumors,  leukemias  and  adrenal  cortical  tumors,  is 
common  among  women  with  Li-Fraumeni  Syndrome, 
a  disorder  linked  to  germline  mutations  in  the  p53 
locus  (Eeles  et  al.,  1993).  Furthermore,  p53  gene 
mutations  have  been  identified  in  approximately  17% 
of  all  human  breast  cancers  (Dahiya  and  Deng,  1998). 
To  date,  results  in  the  mammary  glands  of  murine  p53- 
knockout  animals  have  been  somewhat  discordant  with 
expectations  based  on  Li-Fraumeni  Syndrome.  Speci¬ 
fically,  non-mammary  gland  tumors,  such  as  lympho¬ 
mas,  rapidly  arise  in  /755-krLOckout  animals,  suggesting 
that  p53  is  not  of  predominant  importance  in  murine 
mammary  tumor  development  (Donehower  et  al.,  1992; 
Harvey  et  al.,  1993;  Purdie  et  al.,  1994).  More  recent 
investigations  of  human  breast  cancer-relevant  p53 
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missense  mutations  expressed  in  transgenic  models  (Li 
et  al,  1998)  and  wntl  transgenic//?5i-knockout  murine 
models  (Donehower  et  al,  1995;  Jones  et  aL,  1997) 
indicate  that  p53  alteration  can  be  contributory  to 
mammary  tumorigenesis  in  some  circumstances.  It  is 
possible  that  the  lack  of  agreement  concerning  the  role 
of  p53  loss  in  murine  models  of  cancer  and  human 
breast  cancer  results  from  interspecies  differences,  from 
the  modulation  of  tumorigenesis  by  murine  strain 
differences,  from  other  transgenes  carried  in  the 
background,  and  from  the  particular  p53  genetic 
knockouts  and  mutations  modeled  in  these  mice.  The 
latter  difference  may  be  most  significant,  since  the 
mammary  tumorigenic  effects  noted  in  the  study  of  the 
p53-172R/H  mutant  transgenic  mouse  resulted  from 
the  rational  modeling  of  a  specific,  human  breast 
cancer-relevant  p53  alteration  (Li  et  al.y  1998). 

MMrF-c-myc/p53^/"  transgenic  mice 

In  1995,  two  transgenic  models  with  a  mammary- 
targeted  oncogene  (MMTV-wrtty  or  MMTV-c-myc) 
and  p53  deficiency  were  established  to  determine 
whether  or  not  deficiencies  in  the  tumor  suppressor 
p53  could  cooperate  with  deregulated  expression  of 
Wntl  or  c-Myc  to  alter  tumorigenesis  in  mammary 
tissues  (Donehower  et  aL,  1995;  Elson  et  aL,  1995).  A 
cooperative  effect  was  indeed  observed  between  Wntl 
and  p53  deficiency,  as  mammary  tumors  in  the 
MMTV-wnt\lp53~‘~  mice  arose  sooner  and  had  a 
significantly  higher  degree  of  chromosomal  instability 
than  those  of  MMJW-wnt\lp53^i~  and  MMlV-wntlj 
p53^'^  animals  (Donehower  et  aL,  1995).  In  the 
MMTV-c-w;^c  model,  animals  with  p53  disruption 
rapidly  developed  lethal  lymphomas,  indicating  that 
c-myc  and  mutant  p53  had  a  cooperative  effect  in 
terms  of  increasing  the  incidence  and  accelerating  the 
onset  of  T-cell  lymphomas.  However,  p53  disruption 
failed  to  influence  the  mammary  adenocarcinoma 
phenotype  of  the  MMTV-c-wyc  animals.  In  those 
MMTV-Q-myclp53^>'  female  mice  that  survived  their 
lymphomas  long  enough  to  acquire  mammary 
tumors,  there  was  no  identifiable  alteration  in  tumor 
latency,  histology,  or  dependence  upon  pregnancy  as 
compared  with  MMTV’C-myclp53^’^  controls  (Elson 
et  al.,  1995).  The  absence  of  cooperation  between  p53 
and  c-Myc  in  terms  of  mammary  carcinogenesis  in 
this  model  may  reflect  intrinsic  differences  between 
murine  and  human  mammary  tumorigenesis,  the 
cooperation  between  c-myc  and  p53  in  inducing 
extremely  aggressive  lymphomas  that  limited  the 
mammary  observation  window,  or  the  specific 
manner  in  which  the  p53  alleles  were  targeted.  It 
has  been  demonstrated  that  most  p53  alterations  in 
human  breast  cancers  are  missense  mutations  that 
may  influence  the  activity  of  the  p53  gene  product, 
rather  than  deletions  of  entire  p53  exons  (as  was 
done  in  both  of  the  previously  mentioned  models) 
that  are  capable  of  completely  eliminating  all  p53 
functionality  (Elson  et  ai,  1995;  Lozano  et  ai,  1998). 
This  particular  fact  suggests  that  a  cross  between  the 
p53-172R/H  mutant  transgenic  mouse  and  WAP-c- 
myc  or  MMTV-c-wj'C  transgenic  mouse  might  be 
more  relevant  to  the  study  of  breast  cancer. 
Unfortunately,  there  is  no  evidence  to  date  concern¬ 
ing  the  frequency  or  relevance  of  combined  c-myc 
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amplification/overexpression  and  p53  mutation  in 
human  breast  tumors. 

Recently,  our  group  generated  transgenic  mice  in 
which  the  mammary-targeted  c-myc  oncogene  was 
expressed  in  the  presence  of  a  targeted  disruption  of 
the  p53  tumor  suppressor  gene  (McCormack  et  al, 

1998) .  Although  our  results  indicated  that  disruption  of 
p53  may  contribute  to  alveolar  hyperplastic  changes  in 
the  virgin  female  transgenic  mouse,  they  failed  to  show 
any  cooperation  between  c-myc  and  p53  disruption  in 
mammary  tumorigenesis,  since  no  alterations  in 
latency,  histology,  or  apoptosis  were  observed  between 
c-myc-induccd  mammary  tumors  in  animals  with  or 
without  disrupted  p53  (McCormack  et  al.,  1998).  To 
determine  whether  or  not  disruption  of  p53  could 
influence  c-mjrc-induced  chromosomal  instability  in 
mammary  tumors  from  these  transgenic  mice,  tumor- 
derived  cell  lines  were  subjected  to  spectral  karyotyping 
(SKY)  analysis  (Liyanage  et  al.,  1996).  This  analysis 
demonstrated  that  p53  disruption  did  not  significantly 
influence  ploidy  or  other  c-mjc-induced  chromosomal 
alterations.  Analysis  of  these  p53^'*  and  p53^’~  tumor 
cells  lines  using  both  SKY  and  comparative  genomic 
hybridization  (CGH)  also  supported  the  concept  that 
c-myc-induced  chromosomal  instability  is  unaffected  by 
p53  status  (McCormack  et  al.,  1998;  Weaver  et  al., 

1999) .  Unfortunately,  the  effects  of  complete  p53 
disruption  in  the  presence  of  c-myc  transgene  expres¬ 
sion  were  untestable  due  to  rapidly  arising  lymphomas 
that  forced  us  to  limit  the  duration  of  mammary 
observations. 

Summary  and  future  directions 

Recent  progress  in  the  study  of  c-Myc  has  convin¬ 
cingly  demonstrated  that  it  possesses  a  dual  role  in 
promoting  cellular  proliferation  and  apoptosis.  Work 
from  our  group  and  others  has  confirmed  this  dual 
role  of  c-Myc  in  murine  mammae  and  has  further 
shown  that  co-expression  of  TGFa  can  synergistically 
accelerate  mammary  tumorigenesis  as  well  as  abrogate 
tumor  reliance  on  estrogenic  signalling.  These  results 
appear  similar  to  those  obtained  for  c-mycl\-Ha-ras 
bitransgenic  mice  and  further  suggest  that  signalling 
through  the  EGFR  (as  well  as  activation  of  Ras)  may 
induce  downstream  survival- signalling  pathways  that 
impinge  upon  c-Myc-driven  apoptosis.  Currently, 
work  is  being  conducted  in  our  laboratory  with 
mammary  tumor  cell  lines  derived  from  the  bitrans¬ 
genic  mice  to  resolve  the  nature  and  contribution  of 
these  survival  pathways.  The  contribution  of  p53 
mutation  to  breast  tumorigenesis  in  humans  is  well 
established.  Nevertheless,  several  studies  suggest  that 
p53  loss  does  not  functionally  or  physically  alter  the 
murine  mammae.  Work  from  our  group  and  another 
group  has  indicated  a  lack  of  obvious  cooperation 
between  hemizygous  p53  knockout  and  c-myc 
transgene  expression  in  bitransgenic  mice.  Unfortu¬ 
nately,  the  nature  of  these  two  models  precluded  the 
examination  of  the  effect  of  homozygous  p53  loss  on 
mammary  tumorigenesis  due  to  the  pervasive  and 
aggressive  lymphomas  that  arose  in  these  animals.  As 
was  suggested  by  work  with  the  p53-172R/H  mutant 
mouse,  it  would  be  worth  examining  the  contribution 
of  breast  cancer-specific  p53  point  mutants  to  c-myc- 
induced  mammary  tumorigenesis. 
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Of  significant  interest  to  those  who  study  breast 
cancer  and  c-Myc  is  the  nature  of  apoptosis  signalling 
by  c-Myc  and  its  contribution  to  breast  tumorigenesis. 
Greater  resolution  of  this  apoptotic  pathway  could 
suggest  additional  targets  for  breast  cancer  therapies. 
Work  described  herein  provides  the  basis  for  the 
development  of  other  combinatorial,  mammary-speci¬ 
fic  transgenic  models  that  will  further  dissect  the 
relationship  between  c-Myc  and  apoptosis. 
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Using  single  and  double  transgenic  mouse  models,  we 
investigated  how  c-Myc  modulates  the  mammary 
epithelial  cell  cycle  to  induce  cancer  and  how  TGFa 
enhanced  the  process.  In  c-wyc  transgenic  mice,  c-wyc 
expression  was  high  in  the  hyperplastic  mammary 
epithelium  and  in  the  majority  of  tumor  areas.  However, 
the  tumors  displayed  focal  areas  of  low  expression  of  c- 
myc  but  high  rates  of  proliferation.  In  contrast  to  E2F1 
and  cyclin  A2,  which  were  induced  and  co-localized  with 
c-myc  expression,  induction  of  cyclins  D1  and  E 
occurred  only  in  these  tumor  foci.  Overexpression  of 
cyclin  D1  also  occurred  in  the  hyperplastic  epithelium  of 
fg/a-single  and  f^a/c-wjc-double  transgenic  mice.  In 
tgfalc-myc  tumors,  cells  positive  for  cyclins  D1  and  E 
were  randomly  spread,  without  showing  a  reciprocal 
relationship  to  c-myc  expression.  In  contrast  to  c-myc 
tumors,  most  tgfxlc-myc  tumors  showed  undetectable 
levels  of  retinoblastoma  protein  (pRB),  and  the  loss  of 
pRB  occurred  in  some  cases  at  the  mRNA  level.  These 
results  suggest  that  E2F1  and  cyclin  A2  may  be  induced 
by  c-Myc  to  mediate  the  onset  of  mammary  cancer, 
whereas  overexpression  of  cyclins  D1  and  E  may  occur 
later  to  facilitate  tumor  progression.  TGFa  may  play  its 
synergistic  role,  at  least  in  part,  by  inducing  cyclin  D1 
and  facilitating  the  loss  of  pRB.  Oncogene  (2000)  19, 
1307-1317. 
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Introduction 

The  c-Myc  protein  plays  a  crucial  role  in  cell 
proliferation,  differentiation,  apoptosis,  and  transfor¬ 
mation  (Schmidt,  1999;  Facchini  et  aL,  1998;  Amati  et 
aL,  1998;  Dang,  1999).  Overexpression,  amplification, 
or  rearrangement  of  the  c-myc  gene  has  been  reported 
in  over  50%  of  human  breast  cancer  cases  (Nass  et  al., 
1997;  Amundadottir  et  al,  1996a).  About  half  of  the 
virgin  female  mice  carrying  the  c-myc  transgene  under 
control  of  mouse  mammary  tumor  virus  (MMTV)  long 
terminal  repeat  also  develop  spontaneous  mammary 
carcinomas  after  9  months  of  age  (Stewart  et  al,  1984; 
Amundadottir  et  al,  1995,  1996b).  c-Myc-induced 


*Correspondence:  RB  Dickson,  Research  Building,  W417,  3970 
Reservoir  Road  NW,  Lombardi  Cancer  Center,  Georgetown 
University  Medieal  Center,  Washington  DC  20007,  USA 
Received  20  September  1999;  revised  9  December  1999;  accepted  20 
December  1999 


carcinogenesis  may  be  further  promoted  by  additional 
growth  stimuli  such  as  some  female  sex  hormones, 
since  multiple  pregnancies  markedly  increase  its 
incidence  and  shorten  its  latency  period  (Stewart  et 
al.,  1984;  Amundadottir  et  al,  1995,  1996bX 

One  major  mechanism  for  c-Myc  to  exert  its 
functions  involves  its  action  as  a  transcription  factor, 
heterodimerizing  with  Max  and  binding  to  the  Myc  E- 
box  elements  of  its  target  genes  (Cole  et  al,  1999). 
Thus,  cdc25A  and  cyclins  E  and  A2  have  been 
suggested  as  direct,  c-Myc-activated  target  genes  (Cole 
et  al,  1999;  Obaya  et  al,  1999).  In  contrast,  the 
relationship  between  c-Myc  and  cyclin  D1  is  still  under 
debate  in  the  literature  (Facchini  et  al,  1998;  Dang, 
1999).  The  5'-flanking  region  of  the  cyclin  D1  gene  in 
mouse  and  human  contains  a  c-Myc  recognition  site 
(Daksis  et  al,  1994),  and  expression  of  cyclin  D1  has 
been  shown  to  be  induced  in  some  c-myc-expressing 
tumor  cells  (Facchini  et  al,  1998;  Dang,  1999),  in  liver 
tissue,  and  in  liver  tumors  from  mice  carrying  a  c-myc 
transgene  under  the  control  of  the  albumin  gene 
promoter  (Santoni-Rugiu  et  al,  1998).  These  data 
seem  to  suggest  that  cyclin  D1  may  be  a  direct  target 
of  activation  by  c-Myc.  However,  it  has  also  been 
shown  in  other  systems  that  c-Myc  suppresses 
transcription  of  cyclin  D1  (Philipp  et  al,  1994; 
Jansen-Durr  et  al,  1993;  Marhin  et  al,  1996).  Still 
other  studies  suggest  that  cyclin  D1  is  not  a  target  of  c- 
Myc-signaling  but  represents  a  pathway  parallel  to  c- 
Myc  signaling  for  control  of  cell  replication  (Roussel, 
1998;  Bodrug  et  al,  1994;  Alexandrow  et  al,  1998; 
Solomon  et  al,  1995).  Nevertheless,  these  four  putative 
c-Myc  targets  (cdc25A,  cyclins  E,  A2  and  Dl)  can 
function  to  activate  cyclin  dependent  kinases  (cdk)  4,  6 
or  2  during  G1  and  S  phases,  resulting  in  phosphor¬ 
ylation  of  the  retinoblastoma  protein  (pRB).  pRB- 
associated  transcription  factors,  of  which  E2F1  is  the 
most  important,  are  thus  released  and  activated 
(Morgan,  1995;  Sherr,  1996).  Free  E2F1  activates 
transcription  of  genes  required  for  S  phase  entry  and 
progression  (Johnson  et  al,  1998;  Lavia  et  al,  1999). 

Voluminous  literature  has  causally  connected  cancer 
onset  and  progression  to  abnormal  expression  or  gene 
structure  (amplification  or  mutation)  of  cyclins  Dl,  E, 
and  A2,  as  well  as  cdk  inhibitors  pi 6,  p27,  and  p21  (or 
its  key  regulator,  p53)  (Morgan,  1995;  Sherr,  1996; 
Gray-Bablin  et  al,  1996;  Keyomarsi  et  al,  1993;  Steeg 
et  al,  1998;  Barnes  et  al,  1998).  Each  of  these  genes 
encodes  a  protein  controlling  a  step(s)  along  the  cyclin- 
cdk-pRB  pathway,  alteration  in  which  presumably 
results  in  an  increase  in  free,  active  E2F1  or  other 
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E2F  family  members.  This  implies  that  E2F1  plays  a 
central  role  in  cancer  development  (Johnson  et  al, 
1998).  Overexpression  of  E2F1  is  an  intriguing 
mechanism  for  its  activation  in  the  context  of  c-Myc- 
induced  carcinogenesis,  since  E2F1  expression  has  been 
shown  to  be  induced  in  liver  from  c-myc  transgenic 
mice  (Santoni-Rugiu  et  al,  1998)  and  in  fibroblasts 
transfected  with  the  c-myc  gene  (Leone  et  ai,  1997). 

Transforming  growth  factor  a  (TGFa)  is  a  strong 
mitogen  for  a  variety  of  cell  types  (Lee  et  ai,  1995; 
Dickson  et  ai,  1995)  and  is  overexpressed  in  over 
50%  of  breast  cancer  cases  (Auvinen  et  aL,  1996; 
Pilichowska  et  al,  1997;  Panico  et  ai,  1996).  Virgin 
female  mice  carrying  a  tgfa  transgene  under  control  of 
the  MMTV  or  metallothionein-1  (MT)  promoters 
develop  mammary  epithelial  hyperplasia,  but  not 
mammary  cancer,  unless  the  mice  undergo  multiple 
pregnancies  (Sandgren  et  ai,  1990;  Jhappan  et  al., 
1990;  Matsui  et  ai,  1990).  However,  dual  carriers  of 
c-myc  and  tgfa  transgenes,  generated  in  our  laboratory 
by  mating  the  MMTV-c-wyc  strain  to  the  MT-tgfix 
strain,  develop  mammary  cancers  at  100%  incidence, 
in  both  females  and  males,  soon  after  2  months  of 
age.  In  addition,  the  tumors  grow  much  faster  than 
those  occurring  in  the  c-myc  single  transgenic  strain 
(Amundadottir  et  ai,  1995,  1996b).  These  data 
demonstrate  that  TGFa  overexpression  strikingly 
enhances  c-Myc-induced  carcinogenesis  (Sinn  et  al, 
1987),  in  line  with  the  in  vitro  studies  showing  that  co¬ 
transfection  of  cells  with  tgfa  and  c-myc  effectively 
induces  transformed  phenotype,  in  contrast  to  trans¬ 
fection  of  either  gene  alone  (Amati  et  al.,  1998;  Land 
et  al.,  1983).  The  mechanisms  for  this  synergistic 
influence  of  TGFa  are  not  yet  fully  clarified.  With 
respect  to  the  interactions  of  these  two  proteins  at  the 
cell  cycle  level,  one  possibility  is  that  the  synergistic 
role  of  TGFa  is  exerted  via  the  Ras/Raf  cascade,  a 
major  TGFa  signaling  pathway  (Lee  et  ai,  1995), 
since  overexpression  of  c-Ras“  has  been  shown  to 
increase  the  c-Myc  protein  levels  (Kerkhoff  et  al., 
1998;  Sears  et  al.,  1999).  Also,  co-expression  of  c-Myc 
and  activated  c-Ras”,  but  not  either  gene  alone,  is 
able  to  transform  cells  in  culture  (Amati  et  al.,  1998; 
Land  et  ai,  1983).  However,  the  Ras/Raf  pathway 
seems  to  recruit  cyclin  D1  as  a  major  step  (Lukas  et 
al,  1996),  whereas  synergy  between  c-Ras”  and  c-Myc 
has  been  shown  in  fibroblasts  to  be  elicited  via 
induction  of  E2F1  and  activation  of  cyclin  E-cdk2, 
without  affecting  either  cyclin  D1  activity  or  pRB 
phosphorylation  (Leone  et  al.,  1997). 

By  using  three  transgenic  mouse  models,  in  this 
study  we  set  out  to  explore  the  cell  cycle  regulatory 
mechanisms  whereby  c-Myc  elicits  mouse  mammary 
tumors  and  to  determine  how  TGFa  synergistically 
modulates  these  mechanisms.  We  found  that  in  c-myc 
transgenic  mice,  induction  of  cyclin  A2  and  E2F1  were 
most  closely  associated  with  expression  of  the  c-myc 
transgene  and  might  thus  mediate  tumor  onset.  In 
contrast,  overexpression  of  cyclins  D1  and  E  occurred 
as  later  events  in  morphologically  distinctive,  rapidly 
growing,  poorly  apoptotic  foci  within  established  c-myc 
tumors.  In  our  synergistic,  bi-transgenic  model,  TGFa 
appeared  to  immediately  induce  cyclin  D1  and  to 
cooperate  with  c-Myc  to  attenuate  the  levels  of  pRB 
protein.  We  propose  that  these  two  TGFa-mediated 
effects  may  be  associated  with  the  earlier  onset  and 


faster  growth  of  the  mammary  cancer  in  the  bi- 
transgenic  model. 


Results 

Morphologic  characteristics  of  mammary  tumors 

In  Wl-tgfa  transgenic  mice,  mammary  glands  showed 
hyperplasia,  but  without  tumor  formation.  As  observed 
also  by  others  (for  review  see  Cardiff  et  al.,  1995),  the 
mammary  tissue  contained  abundant,  proliferating 
stroma.  In  marked  contrast,  the  hyperplastic  mammary 
tissue  from  MMTV -c-myc  animals  did  not  show 
pronounced  stromal  proliferation.  Stromal  cells  were 
also  abundant  in  hyperplastic  mammary  tissue  and 
mammary  carcinomas  from  bi-transgenic  tgfajc-myc 
mice.  The  epithelial  cells  in  non-tumor  areas  of  the 
mammary  glands  from  bi-transgenic  mice  usually 
manifested  atypical  hyperplastic  features  that  were 
similar  to  the  morphology  of  tumor  cells.  Thus,  there 
was  no  clear-cut  evidence  for  pre-malignant  stages  of 
this  tumor  type. 

In  c-myc  transgenic  animals,  about  half  of  the 
relatively  larger  (1  cm  or  larger  in  diameter)  tumors 


Figure  1  Hematoxylin-eosin  staining  of  mammary  tumors  from 
two  c-myc  animals,  showing  three  individual  foci  (FI,  F2  and  F3) 
within  the  tumors.  Some  areas  of  the  foci  show  infiltrating  growth 
into  the  adjacent  tumor  areas  (arrow).  Necrosis  (N)  can  be 
discerned  in  focus  2 


Figure  2  Tunel  staining  of  a  tumor  from  a  c-myc  animal, 
showing  that  apoptotic  cells  (dark  brown  staining)  are  distributed 
predominantly  in  the  major  tumor  area,  but  rarely  in  the  focus 
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contained  foci  that  consisted  of  tumor  cells  with 
distinctive  morphology.  Specifically,  tumor  cells  within 
the  foci  were  characterized  by  larger  nuclei  and  weaker 
staining  for  hematoxylin  and  eosin  (Figure  la,b). 


Although  this  ‘tumor  within  a  tumor’  showed  a  clear 
boundary  of  demarcation  from  surrounding  tumor 
areas,  it  was  not  encompassed  by  a  connective  tissue 
capsule.  Usually,  some  portion  of  each  focus  exhibited 


Figure  3  Immunohistochemical  staining  (brown  color)  with  light  hematoxylin  counter-staining  (blue  color).  Staining  shown  in  (a- 
e)  and  (i)  was  carried  out  on  serial  sections  of  the  same  tumor  and  tumor  focus  (FI)  as  shown  in  Figure  1  (a).  Tumor  cells  inside 
focus  1  show  stronger  staining  for  PCNA  than  cells  outside  the  focus  (a).  Most  tumor  cells  outside,  but  not  inside,  the  focus  exhibit 
strong  staining  for  c-Myc  (b)  and  cyclin  A  (c),  although  some  stromal  cells  inside  the  focus  are  also  positive  for  cyclin  A  (arrows). 
Conversely,  most  tumor  cells  inside  the  focus  exhibit  strong  staining  for  cyclin  D1  (d)  and  cyclin  E  (e),  while  tumor  cells  outside  the 
focus  are  negative.  Many  cells  in  the  hyperplastic  mammary  gland  from  a  tgfct  animal  (f)  and  in  a  tumor  from  a  tgfajQ-myc  animal 
(g)  also  show  strong  cyclin  D1  staining.  In  a  c^myc  tumor,  some  cyclin  E-positive  cells  show  a  trend  of  penetrating  (from  up-left 
side)  into  the  adjacent,  cyclin  E-negative  area  (low-right  side)  (h).  Staining  for  cdk4  (i)  is  more  intense  in  many  tumor  cells  inside  the 
focus  than  those  in  the  adjacent  area 
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infiltration  into  the  adjacent,  surrounding  tumor  areas 
(Figure  1).  Necrotic  areas  were  occasionally  seen  inside 
the  foci  (Figure  lb).  Very  strikingly,  apoptotic  cells 
within  each  focus  were  much  less  frequent  than  in  the 
surrounding  tumor  areas.  When  foci  were  observed, 
their  numbers  varied  between  two  and  four  in  each 
random  cross-section  and  their  sizes  varied  from 
microscopic  to  about  3  mm  in  diameter  for  the  animal 
ages  of  10-12  months.  The  foci  were  not  seen  in 
tumors  less  than  1  cm  in  diameter,  indicating  that  they 
might  have  occurred  selectively  at  relatively  advanced 
progression  states.  No  such  specific  foci  were  observed 
in  tumors  from  tgfoLjc-myc  double  transgenic  mice. 

Assessment  of  cell  proliferation  and  apoptosis 

In  c-myc  tumors,  PCNA  staining  was  more  intense  in 
the  specific  foci  than  in  their  surrounding  tumor  areas 
(Figure  3a).  The  staining  in  tgfajc-myc  tumors  was  as 
intense  as  in  the  c-myc  tumor  foci.  Moreover,  the 
staining  index  for  the  c-myc  tumor  foci  (39.1%  ±3.4) 
was  higher  than  that  for  their  surrounding  tumor  tissue 
(20.4%  ±4.0,  P<0.01),  but  it  was  comparable  to  that 


for  tgfajc-myc  tumors  (44.4%  ±4.2,  P>0.05).  Hyper¬ 
plastic  mammary  glands  from  all  three  lines  of 
transgenic  animals  also  showed  some  strongly  stained 
cells,  but  the  fraction  was  too  small  to  allow 
calculation  of  a  reliable  index.  PCNA-positive  cells 
were  not  observed  in  mammary  glands  from  the 
normal,  non-transgenic  animals. 

In  contrast  to  the  PCNA  staining  results,  the 
TUNEL  assay  for  apoptotic  cells  showed  a  much 
higher  labeling  index  in  the  major  areas  (15.8%  ±1.8) 
than  in  the  foci  (1.0%  ±1,1,  F<0.01)  of  c-myc  tumors 
(Figure  2).  The  TUNEL  labeling  index  in  the  t^oLjc- 
myc  tumors  (1.7%  ±1.1)  was  comparable  to  that  in  the 
foci  of  c-myc  tumors  (P>0.05). 

Expression  of  c-myc 

Consistent  with  the  data  reported  previously  (Amun- 
dadottir  et  al.,  1995),  c-myc  mRNA  was  abundantly 
expressed  in  hyperplastic  mammary  epithelium  (Figure 
4a)  and  in  tumors  (Figure  4b)  from  c-myc  mice,  but 
was  undetectable  in  normal  mammary  tissue  from  age- 
matched,  non-transgenic  animals.  A  sense  probe  did 


Figure  4  Nonradioactive  in  situ  hybridization  for  c-myc  (a-c)  and  e2Jl  (d-f).  Hybridizations  shown  in  (b),  (c),  and  (e)  were  carried 
out  on  serial  sections  of  the  same  tumor  and  tumor  focus  (FI)  as  shown  in  Figure  1  (a).  In  c-myc  animals,  high  levels  of  c-myc 
mRNA  were  detected  by  antisense  probe  in  hyperplastic  mammary  glands  (a)  and  in  the  major  tumor  area,  but  not  the  tumor  focus 
(b).  No  signal  was  detected  in  the  same  tumor  area  when  a  sense  probe  was  used  (c).  High  levels  of  e2J\  mRNA  expression  were 
detected  by  an  antisense  probe  (d)  in  hyperplastic  mammary  glands  from  a  c-myc  animal.  The  e2J\  mRNA  expression  co-localizes 
with  c-myc  expression  in  the  same  tumor  as  shown  in  2(b)  (e).  No  signal  was  detected  in  the  hyperplastic  mammary  glands  from  c- 
myc  animal  when  an  e2J\  sense  probe  was  used  (f) 
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not  give  rise  to  a  signal  in  any  of  these  tissues  (Figure 
4c),  demonstrating  that  the  signal  detected  by  the 
antisense  probe  is  specific  for  the  c-myc  mRNA.  The 
foci  in  c-myc  tumors  showed  very  low  levels  of  its 
expression  (Figure  4b),  in  strong  contrast  to  their 
adjacent  areas  with  high  levels  of  c~myc  mRNA. 
Immunohistochemical  results  also  showed  a  much 
stronger  positive  staining  in  the  major  tumor  areas 
than  in  the  foci  (Figure  3b).  Western  blot  analyses 
revealed  much  higher  levels  of  c-Myc  protein  in 
mammary  tumors,  compared  to  hyperplastic  mammary 
tissue  (Figure  5).  However,  this  difference  was  due 
largely  to  the  heterogeneity  in  cellularity,  as  the 
mammary  tissues  used  for  protein  sample  preparation 
were  fat  pads  dominated  by  fat  tissue.  Hyperplastic 
epithelium  and  tumors  from  tgfajc-myc  animals  also 
expressed  high  levels  of  c-myc  mRNA  and  protein, 
while  expression  of  c-myc  was  not  detected  in  the 
hyperplastic  epithelium  from  tgfa  animals. 
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Figure  5  Western  blot  analyses  for  size  comparisons  of  various 
proteins.  N-MG:  protein  samples  from  normal  mammary  tissue 
pooled  equally  from  three  nontransgenic  animals;  myc-MG: 
hyperplastic  mammary  tissue  from  two  individual  c-myc  animals; 
myc-T:  three  representative  mammary  tumors  from  c-myc 
animals;  awyc-MG:  hyperplastic  mammary  gland  tissue  pooled 
from  two  individual  t^ajc-myc  animals;  oimyc-1:  two  representa¬ 
tive  tumors  from  tgfoifc-myc  animals.  Quantitative  comparisons 
among  different  samples  may  not  be  made,  as  tumor  tissues 
enriched  in  protein  whereas  non-tumor  tissues  were  dominated  by 
protein-poor  fat  tissue 
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Expression  of  E2F1 

An  e2f\  antisense  probe  detected  strong  signals  in  the 
hyperplastic  mammary  epithelium,  from  both  c-myc 
(Figure  4d)  and  tg/ajc-myc  animals,  but  not  in  that 
from  tgfa  transgenic  mice,  suggesting  that  the  induc¬ 
tion  of  e2fl  mRNA  was  specifically  related  to 
expression  of  c-Myc,  but  not  TGFa.  In  tumors  from 
c-myc  animals,  the  major  areas  with  high  levels  of  c- 
myc  mRNA  and  protein  also  expressed  high  levels  of 
e2f\,  whereas  those  specific  tumor  foci  with  low 
expression  levels  of  c-myc  exhibited  very  low  levels  of 
e2f\  (Figure  4e),  indicating  that  expression  of  e2f\  and 
c-myc  are  co-localized.  High  levels  of  e2f\  expression 
were  also  detected  in  tgfaj c-myc  tumors  (Table  1).  The 
sense  probe  did  not  give  rise  to  signal  (Figure  40- 
Northern  blot  analysis  detected  the  expected  two  e2f\ 
transcripts  (Li  et  aL,  1994)  in  c-myc  and  tgfaj  c-myc 
tumors  (Figure  6).  Western  blot  analysis  also  con¬ 
firmed  high  levels  of  the  E2F1  protein  in  these  tumors 
(Figure  5).  Immunohistochemical  staining  on  paraffin- 
embedded  tissues  was  not  successful  with  this,  nor  with 
other  antibodies. 


Expression  of  cyclin  A2 

Immunohistochemistry  for  cyclin  A2  showed  that  in  c- 
myc  tumors,  positive  tumor  cells  were  localized  mainly 
to  the  major  areas  with  high  levels  of  c-Myc  (Figure  3c), 
indicating  that  expression  of  cyclin  A2  and  c-myc  may 
be  co-localized.  Many  positive  cells  were  also  discerned 
in  the  hyperplastic  epithelium  from  c-myc  animals,  as 
well  as  in  the  atypical  hyperplastic  epithelium  and 
tumors  from  tgfajc-myc  mice,  but  not  in  the  epithelium 


Table  1  Relationship  among  expression  of  c-Myc  and  of  cell  cycle 
_ components  in  c-myc  and  t^fafc-myc  tumors _ 


c-myc  tumors 

tgfa/c-myc 

Tumor  cells 

Focal  tumor  cells 

tumor  with 

with  high  levels 

with  low  levels 

high  levels 

of  c-Myc 

of  c-Myc 

of  c-Myc 

E2F1 

-L  +  +* 

_ 

+  +  + 

Cyclin  A 

-H  + 

— 

-L  + 

Cyclin  D1 

— 

+  +  + 

-H  +  + 

Cyclin  E 

_ 

-L  +  + 

Cdk2 

+  + 

+  + 

+  + 

Cdk4 

+ 

-f  +  + 

-f  +  + 

Cyclin  D3 

+ 

+  +  + 

+  +  + 

PCNA 

+ 

+  +  + 

+  +  + 

P16 

-L 

+ 

+ 

P21 

-f  + 

+  + 

+  + 

P27 

-f-  + 

+  + 

+  +  + 

♦Expression  levels  of  the  genes  are  subjectively  grouped  from  three 
to  in  order  from  the  strongest  positive  to  the  most  negative 


e2fi 


12  3  4 


^  2.7  kb 
2.2  kb 


y  iii 


Figure  6  Northern  blot  analysis  of  the  e2j\  gene,  demonstrating 
that  e2J\  mRNA  was  expressed  in  two  randomly  selected  tumors 
from  c-myc  animals  (1  and  2)  and  igfxlc-myc  animals  (3  and  4). 
Loading  of  total  RNA  (10 /^g  per  lane)  was  visualized  by 
ethidium  bromide  staining  of  the  gel  (lower  panel) 
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from  rgfa  animals  (data  not  shown).  On  Western  blot, 
cyclin  A2  protein,  at  about  (--)  58  kD  was  detected  in 
c-myc  and  tgfalc-myc  tumors  (Table  1),  but  not  in 
hyperplastic  mammary  tissues  (Figure  5).  The  antibody 
also  recognized  a  protein  at  ~66  kD  that,  in  contrast, 
was  mainly  present  in  normal  and  hyperplastic 
mammary  tissue.  This  protein  is  likely  to  be  cyclin  Al, 
a  newly  identified  member  of  the  cyclin  A  family 
(Sweeney  et  al.,  1996;  Yang  et  al.,  1997),  as  the  peptide 
used  for  generating  the  antibody  differs  from  the 
corresponding  sequence  of  cyclin  Al  by  only  a  few 
amino  acid  residues.  This  protein  might  contribute  to 
the  immunohistochemical  staining  of  some  stromal  cells 
in  the  major  tumor  areas  and  in  the  foci  of  c~myc 
tumors  (Figure  3c,  arrows),  since  similarly  positive  cells 
were  also  observed  in  normal  mammary  tissue  from 
non-transgenic  mice  in  which  only  the  66  kD  protein 
was  detected  by  Western  blot  (Figure  5). 

Expression  of  cyclin  D1 

In  c-myc  animals,  cyclin  D1 -positive  cells  could  be 
observed  only  in  tumors,  not  in  hyperplastic  mammary 
epithelium.  In  the  tumors,  the  cyclin  D1 -positive  cells 
were  exclusively  localized  to  the  specific  foci  with  low 
levels  of  c-Myc,  but  not  in  the  major  areas  with  high 
levels  of  c-Myc  (Figure  3d),  suggesting  that  expression 
of  cyclin  D1  and  c-Myc  may  be  reciprocal.  In  contrast 
to  the  c-myc  tumors,  a  large  number  of  tumor  cells  in 
tgfajc-myc  animals  manifested  strong  staining  of  cyclin 
D1  (Table  1),  and  they  were  randomly  spread  within 
the  whole  tumor,  without  forming  any  specific  focus, 
nor  showing  reciprocal  expression  to  c-myc  (Figure  3g). 
Many  cells  in  the  hyperplastic  mammary  epithelium 
from  tgfoL  (Figure  3f)  and  tgfalc~myc  mice  also 
exhibited  strong  staining  of  cyclin  Dl,  indicating  that 
cyclin  Dl  expression  might  be  induced  by  TGFa  in  the 
epithelium  prior  to  tumor  formation.  Western  blot 
analysis  confirmed  the  presence  of  high  levels  of  cyclin 
Dl  protein  in  tumors  from  c-myc  and  tgfxic-myc  mice 
(Figure  5). 

Expression  of  cyclin  E 

In  c-myc  tumors,  cyclin  E-positive  cells  were  found  to 
be  co-localized  with  cyclin  Dl,  exclusively  in  the 
specific  focal  lesions,  but  not  the  major  areas  (Figure 
3e).  Moreover,  cyclin  E-positive  cells  usually  showed  a 
trend  for  penetration  into  the  adjacent  areas  (Figure 
3h),  indicating  that  they  might  have  a  stronger  invasive 
potential.  In  tgfajc-myc  tumors,  cyclin  E-positive  cells 
were  randomly  spread  throughout  the  whole  tumor 
(Table  1),  without  forming  specific  foci,  similar  to  the 
distribution  of  cyclin  Dl -positive  cells.  However,  at  the 
subcellular  level,  the  cyclin  E  staining  was  localized  in 
both  nucleus  and  cytoplasm,  unlike  the  solely  nuclear 
staining  seen  in  o-myc  tumors.  Hyperplastic  epithelium 
from  tgfa  and  tgfxjc-myc  mice  was  negative  or  weakly 
positive  for  cyclin  E  in  some  cells,  indicating  that  cyclin 
E  was  not  significantly  induced  by  TGFa  alone. 

On  Western  blot  (Figure  5),  cyclin  E  proteins  in  c- 
myc  and  tgfajc-myc  tumors  were  present,  not  only  as 
the  full-length  form  of  ^  50  kD,  but  also  as  several 
smaller  isoforms,  as  reported  by  others  for  breast 
cancer  tissue  and  for  cell  lines  derived  from  human  and 
mouse  (Gray-Bablin  et  al.,  1996;  Keyomarsi  et  al.. 


1993;  Said  et  ai,  1995;  Sgambato  et  al.,  1996). 
Interestingly,  an  -^28  kD,  putative  cyclin  E  protein 
was  the  dominant  isoform  in  tgfoijc-myc  tumors;  this 
isoform  was  barely  discernible  in  c-myc  tumors.  This 
cyclin  E  isoform  may  thus  account  for  the  cytoplasmic 
staining  seen  in  tgfajc-myc  tumor  cells. 

Expression  of  cdk4,  cyclin  D3,  and  cdk2 

Many  cells  in  the  mammary  epithelium  from  non- 
transgenic  mice  and  from  c-myc,  tgfoL,  and  tgfajc-myc 
animals  were  positive  for  cdk4  by  immunohistochem¬ 
ical  staining.  In  c-myc  tumors,  cdk4  positive  cells  were 
observed  both  in  the  cyclin  Dl -positive  foci  and  in  the 
major  areas  that  were  cyclin  Dl -negative,  but  the 
staining  intensity  was  stronger  in  many  cells  within  the 
foci  (Figure  3i).  No  obvious  differences  in  the  staining 
were  observed  between  c-myc  tumors  and  tgfoLjc-myc 
tumors  (Table  1).  Similar  immunohistochemical  data 
were  obtained  for  cyclin  D3  (Table  1).  Western  blot 
analyses  also  detected  the  cdk4  and  cyclin  D3  proteins 
in  these  tumors  and  in  mammary  tissues  from  non- 
transgenic  or  various  transgenic  animals  (Figure  5). 

Immunohistochemical  staining  for  cdk2  did  not 
reveal  differences  among  various  mammary  tissues 
and  tumors.  In  c-myc  tumors,  both  the  major  areas 
and  the  specific  foci  showed  similar  staining  intensity 
(Table  1).  Western  blot  assay  for  cdk2  detected  both 
cdk2a  at  ^^34  kD  and  cdkip  at  ^^39  kD,  respectively 
(Kwon  et  ai,  1998;  Kotani  et  al.,  1995;  Noguchi  et  al., 
1993).  In  mouse,  rat  and  hamster,  the  cdk2j9  is  an 
alternate  RNA  splicing  form  of  cdk2a,  the  classic  cdk2, 
with  an  insert  of  48  amino  acids  between  amino  acids 
196  and  197  of  cdk2a.  The  cdk2a  isoform  occurred  as  a 
single  band  in  normal  and  hyperplastic  mammary 
tissue,  as  well  as  in  tumors,  and  was  thus  likely  to  be 
the  inactivated,  unphosphorylated  form  (Gu  et  al., 
1992;  Planas-Silva  et  al.,  1997).  Cdklp,  on  the  other 
hand,  was  present  mainly  as  the  phosphorylated, 
activated,  faster-migrating  form  (Gu  et  al.,  1992; 
Planas-Silva  et  al.,  1997)  in  c-myc  and  tgfajc-myc 
tumors,  but  it  occurred  mainly  as  the  inactivated, 
unphosphorylated  slower-migrating  band  in  normal 
and  hyperplastic  mammary  tissues  (Figure  5). 

Expression  of  cdk  inhibitors 

Immunohistochemical  staining  for  pi 6  and  p21  did  not 
show  pronounced  differences  between  c-myc  tumors 
and  t^oLjc-myc  tumors,  and  between  the  tumor  foci 
and  their  surrounding  areas  in  the  c-myc  tumors  (Table 
1).  Western  blot  analyses  of  these  two  cdk  inhibitors 
did  not  detect  differences  between  c-myc  tumors  and 
tgfal c-myc  tumors  (data  not  shown).  However,  the 
levels  of  p27  were  higher  in  tgfajc-myc  tumors  than  in 
c-myc  tumors,  as  measured  by  both  immunohistochem¬ 
ical  and  Western  blot  analyses  (Table  1  and  Figure  5). 

Expression  of  pRB  protein 

Protein  levels  of  pRB  varied  among  tumor  samples  but 
they  were  generally  higher  in  c-myc  than  in  tgfajc-myc 
tumors;  pRB  levels  in  some  representative  samples  are 
shown  in  Figure  7.  The  pRB  protein  was  detectable  by 
Western  blot  in  all  ten  c-myc  tumors  studied;  however, 
it  was  present  in  only  two  of  eight  tgfajc-myc  tumors. 
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pRB  was  present  mainly  as  the  hypophosphorylated 
form  (Ezhevsky  et  al.,  1997).  The  faster-migrating, 
unphosphorylated  band  {c-myc  tumor  samples  1  and  4 
in  Figure  6)  and  its  slower-migrating,  hyperpho- 
sphorylated  band  of  pRB  {c-myc  tumor  samples  1 
and  2  in  Figure  6)  could  be  discerned  faintly  in  some 
samples,  when  the  autography  was  exposed  for  such  a 
short  time  that  signals  could  not  be  detected  in  other 
samples.  Two  different  pRB  monoclonal  antibodies 
(pRBHOOlA  and  pRB245)  gave  the  same  results  by 
Western  blot.  Flowever,  immunohistochemical  staining 
was  not  successful  with  either  of  these  antibodies. 

RT-PCR  analysis  was  carried  out  for  four  tgfajc- 
myc  tumors  and  for  three  c-myc  tumors,  where  a 
sufficient  amount  of  tissue  was  available  for  RNA 
preparation.  As  shown  in  Figure  8,  the  Rb  cDNA  was 
detected  in  all  three  c-myc  tumors  and  in  the  two  tgfa-j 
c-myc  tumors  that  also  showed  detectable  levels  of 
pRB  protein  (Figure  7,  samples  2  and  5),  but  not  in  the 
other  two  tgfcLjc-myc  tumors.  The  failure  of  the  cDNA 
amplification  in  these  two  tumors  was  not  due  to  a 
technical  problem,  since  GAPDH  cDNA,  included  as 
an  internal  control,  was  amplified  normally  (Figure  8). 


Discussion 

In  this  study  we  show  that  in  c-myc  transgenic  mice, 
expression  of  cyclin  A2  and  E2F1  co-localizes  with  that 


Figure  7  Western  blot  analysis  of  pRB.  Eighty  /ig  protein 
samples  from  hyperplastic  mammary  tissue  were  pooled  equally 
from  three  individual  c-myc  animals  (myc-MG)  and  from  six 
individual  c-myc  tumors  or  tgfajc-myc  tumors  and  were  loaded 
into  the  gel.  Levels  of  the  pRB  at  ~  1 10  kD  were  generally  higher 
in  c-myc  tumors  than  in  tgfxic-myc  tumors.  Two  additional 
proteins  at  ~66  kD  and  ~55kD  were  also  recognized  by 
(pRB1400IA),  levels  of  which  were  also  slightly  lower  in  some 
tgfoLj c-myc  tumors  than  in  c-myc  tumors 


Figure  8  RT-PCR  analysis  of  expression  of  Rb  mRNA  and 
GAPDH.  Total  RNA  samples  from  three  c-myc  tumors  and  four 
tgfoilc-myc  tumors  were  reverse-transcribed  (RT),  and  the  cDNA 
products  were  amplified  by  PCR,  using  the  second  pair  of  the 
primers  described  in  Materials  and  methods.  Note  that  two  tgf<xj 
c-myc  tumors  lack  detectable  expression  of  the  Rb  mRNA,  while 
the  GAPDH  mRNA  was  expressed  normally 
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of  c-myc  in  hyperplastic  mammary  gland  and  in 
primary  mar^’^iary  tumors.  Thus,  we  propose  that 
these  two  genes  may  be  induced  either  directly  or 
indirectly  by  c-Myc  to  mediate  the  tumor  onset.  In 
support  of  this  hypothesis,  overexpression  of  cyclin  A2 
or  E2F1  has  been  shown  to  directly  facilitate 
transformation  of  cultured  cells  and  to  cause  tumor- 
igenesis  in  animals  (Desdouets  et  aL,  1995;  Amati  et 
al.y  1998).  Overexpression  of  each  of  these  proteins  has 
been  reported  in  the  pre-malignant  liver  tissue  and 
spontaneous  liver  tumors  in  c-myc  transgenic  mice 
(Santoni-Rugiu  et  al.,  1998).  Transfection  of  fibroblasts 
with  c-myc  has  also  been  shown  to  induce  e2f\,  which 
is  independent  of  pRB  phosphorylation  (Leone  et  al, 

1997),  indicating  that  this  effect  may  result  directly 
from  increased  E2F1  protein,  a  short-cut  mechanism 
that  bypasses  the  cyclin-cdk-pRB  pathway.  In  addition, 
since  in  c-myc  tumors  pRB  is  mainly  in  the  hypopho¬ 
sphorylated  state  and  presumably  binds  to  and 
inactivates  a  portion  of  increased  E2F1,  cyclin  A2 
may  be  a  more  active  element  than  E2F1  in  cell 
proliferation  and  transformation.  The  short-cut  me¬ 
chanism  and  the  rise  of  cyclin  A2,  which  acts  later  in 
the  cell  cycle  than  cyclins  D1  and  E,  may  partly  explain 
why  overexpression  of  cyclins  D 1  and  E  does  not  occur 
in  the  majority  of  hyperplasia  and  primary  tumor  cells. 

The  observation  of  a  reciprocal  expression  of  c-myc 
and  cyclin  D1  in  c-myc  tumors  is  the  first  evidence  in 
vivo  that  favors,  but  does  not  prove,  the  concept  that 
constant  expression  of  c-Myc  may  suppress  expression 
of  cyclin  Dl.  Several  studies  have  shown  that  stable 
expression  of  cyclin  Dl,  such  as  in  mammary  epithelial 
cells,  paradoxically  shortens  the  G1  phase  and  pro¬ 
longs  the  S  phase,  while  inhibiting  growth  and 
transformation  to  a  malignant  phenotype  as  the  net 
consequence  (Han  et  al.,  1995;  Quelle  et  al.,  1993; 
Philipp  et  al.,  1994).  Thus,  it  cannot  be  excluded  that  c- 
Myc  suppresses  expression  of  cyclin  Dl  in  order  to 
ensure  a  quicker  completion  of  the  cell  division  cycle 
and  a  more  rapid  onset  of  malignant  transformation 
(Marhin  et  al,  1996).  However,  once  a  tumor  is 
formed,  overexpression  of  cyclin  Dl  may  be  of 
selective  value  for  its  further  progression  to  more 
aggressive  phenotypes;  a  drop  in  the  level  of  c-Myc 
could  potentially  facilitate  release  of  repression  of 
cyclin  Dl,  while  simultaneously  decreasing  c-Myc- 
induced  apoptosis.  This  conjecture  is  supported  by 
the  decreased  TUNEL  labeling  index  in  the  progressed 
foci  within  primary  c-myc  tumors.  This  progression 
hypothesis  (Figure  9)  may  explain  why  cyclin  Dl- 
positive  cells  are  not  seen  in  the  hyperplastic  lesions 
and  in  small  tumors,  but  instead  they  occur  in  the  foci 
within  established  c-myc  tumors  in  association  with 
enhanced  staining  of  PCNA. 

It  should  be  noted  that  in  human  breast  cancer 
samples,  cyclin  Dl  overexpression  is  associated  with 
immunohistochemical  positivity  for  estrogen  receptor 
(ER)  (Barnes  et  al,  1998).  Interestingly,  although  ER 
positivity  is,  in  general,  considered  a  good  prognostic 
marker,  those  ER  positive  cells  that  concomitantly 
overexpress  cyclin  Dl  can  continue  to  proliferate  in  the 
presence  of  anti-estrogens  (Wilcken  et  al,  1997). 
Although  initially  paradoxical,  this  is  now  not 
surprising,  as  cyclin  Dl  is  known  to  form  a  direct 
complex  with  ER,  allowing  the  complex  to  activate 
transcription  without  the  need  for  estrogen  (Neuman  et 
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Figure  9  Illustration  of  hypothesis.  In  c-myc  transgenic  mice,  constant  overexpression  of  c-Myc  protein  in  mammary  epithelial 
cells  directly  or  indirectly  induces  accumulation  of  E2F1  and  cyclin  A2  (A)  to  mediate  tumor  onset  (upper  panel).  While  the 
developing  tumor  continues  to  progress,  a  decrease  in  c-Myc  expression  occurs  in  some  tumor  cells,  resulting  in  decreased  apoptosis 
and  in  the  overexpression  of  cyclin  D1  (D).  Cyclin  E  (E)  overexpression  is  also  triggered  through  an  unknown  mechanism.  Each  of 
these  specific  tumor  cells  then  proliferates  more  aggressively  to  form  a  focus  with  distinct  morphology.  In  the  epithelial  cells  from 
tgftxjc-mvc  dual  transgenic  mice  (lower  panel),  TGFa  (a)  induces  overexpression  of  cyclin  D1  and  cooperates  with  c-Myc  to  induce 
overexpression  of  cyclin  E  and  sporadic  loss  of  pRB.  These  effects,  together  with  the  c-Myc-induced  elevation  of  E2F1  and  cyclin 
A2,  elicit  early  onset  of  very  aggressive  tumor  phenotypes  in  the  bi-transgenic  model 


ai,  1997).  These  observations,  together  with  our 
progression  hypothesis,  may  partly  explain  why  about 
one-third  of  the  ER-positive  cases  are  refractory  to 
antiestrogen  therapy,  why  most  of  those  who  originally 
respond  to  antiestrogen  later  develop  antiestrogen 
resistance  (Lykkesfeldt,  1996),  and  why  amplification 
of  cyclin  Dl  is  associated  with  early  relapse  in  patients 
with  ER-positive  breast  cancer  (Seshadri  et  ai,  1996). 

In  contrast  to  c-myc  animals,  in  tgfix  and  tgfajc-myc 
mice,  overexpression  of  cyclin  Dl  is  initially  observed 
in  the  atypical  hyperplastic  mammary  epithelium, 
indicating  that  cyclin  Dl  is  induced  by  TGFa  prior 
to  the  tumor  onset.  In  tgf<xlc-myc  mice,  this  TGFa- 
induced  cyclin  Dl  may  have  a  twofold  functionality 
(Figure  9).  First,  it  may  facilitate  the  early  events 
(initiation  and/or  promotion)  of  the  carcinogenic 
process,  resulting  in  an  earlier  onset  of  tumors,  when 
compared  to  single  transgenic  c-myc  mice  (Figure  9). 
Second,  it  may  also  contribute  to  the  formation  of  a 
much  faster-growing  tumor  phenotype,  similar  to  what 
is  discerned  in  the  cyclin  Dl -positive  foci  within  c-myc 
tumors.  Moreover,  in  tgfaj c-myc  mice  the  effect  of 
TGFa  on  induction  of  cyclin  Dl  seems  to  override  the 
suppression  of  cyclin  Dl  by  c-Myc.  This  implies  that 
TGFa  and  c-Myc  may  each  regulate  cyclin  Dl  as  one 
step  of  their  signaling  pathways,  and  that  cyclin  Dl 
serves  a  pivotal  role  that  links  these  two  separate 
pathways.  Cyclin  D3  may  not  share  this  crucial 
property,  as  it  is  expressed  not  only  in  the  tumor  foci 
but  also  in  the  major  tumor  areas. 

Expression  of  cyclin  E  in  c-myc  tumors  is  also 
reciprocal  to  that  of  c-Myc.  This  is  surprising,  as 
suppression  of  cyclin  E  by  c-Myc  has  not  been  reported, 
and  relevant  literature  suggests  that  c-Myc  can  activate 


expression  of  cyclin  E  in  vitro  (Amati  et  aL,  1998;  Obaya 
et  al.,  1999).  Several  studies  have  suggested  that  cyclin 
Dl/cdk4  should  be  activated  prior  to  the  onset  of  cyclin 
E/cdk2  activity  in  order  to  ensure  an  orderly  transition  to 
S  phase  (Obaya  et  aL,  1999;  Prall  et  aL,  1998).  Thus,  it  is 
possible  that  the  lack  of  a  sufficient  amount  of  cyclin  Dl 
may  hamper  the  expression  of  cyclin  E.  It  is  even  possible 
that  prevention  of  expression  of  cyclin  E  may  facilitate 
the  cell  growth  during  the  early  stages  of  the  carcinogenic 
process  in  c-myc  animals,  as  it  has  been  shown  that  stable 
overexpression  of  cyclin  E,  rendered  by  cDNA  transfec¬ 
tion,  inhibits  growth  of  mammary  epithelial  cells 
(Sgambato  et  aL,  1996).  However,  similar  to  what  we 
have  discussed  for  cyclin  Dl,  once  a  tumor  is  formed, 
cyclin  E  overexpression  may  be  required  for  its  further 
progression  to  more  aggressive  phenotypes  (Figure  9),  as 
suggested  by  the  observation  that  cyclin  E-positive  cells 
show  a  trend  for  more  rapid  proliferation  and  for 
penetration  into  their  adjacent  tumor  areas.  Additional 
support  for  this  hypothesis  is  provided  by  the  observa¬ 
tion  that  the  more-aggressive  tgfajc-myc  tumors  exhibit 
overexpression  of  cyclin  E  as  well.  The  overexpression  of 
cyclin  E  may  result  from  a  synergy  between  TGFa  and  c- 
Myc,  because  expression  of  cyclin  E  is  not  pronounced  in 
the  hyperplastic  epithelium  from  either  tgfa  or  c-myc 
animals.  This  hypothesis  is  consistent  with  the  observa¬ 
tion  in  human  breast  cancer,  that  overexpression  of 
cyclin  E  is  correlated  with  increased  tumor  grade 
(Nielsen  et  aL,  1996;  Keyomarsi,  et  aL,  1994).  Moreover, 
a  well-known,  but  mechanistically-unclear  phenomenon 
is  that  overexpression  of  the  c-myc  gene  alone  is 
insufficient  for  transformation  of  most  types  of  cells 
either  in  vitro  or  in  vivo;  cooperation  of  c-myc  with 
growth  factors  (like  TGFa)  or  some  oncogenes  (such  as 
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ras)  greatly  enhances  its  transforming  efficacy  (Valverius 
et  al,  1990;  Schmidt,  1999;  Facchini  et  al,  1998;  Amati  et 
al,  1998;  Dang,  1999;  Nass  et  al,  1997).  The  reciprocal 
expression  of  c-Myc  and  cyclins  D1  and  E  in  c-myc 
tumors  and  the  co-expression  of  these  gene's  in  rg/a/c- 
myc  tumors  raise  the  possibility  that  one  role  of  these 
additional  factors  may  be  to  rescue  the  expression  of 
cyclin  D1  and/or  cyclin  E.  Overexpression  of  these 
cyclins  may  be  beneficial  for  the  transformation,  but  it 
may  be  hampered  because  of  constantly  high  levels  of 
c-Myc. 

Our  transgenic  models  reveal,  for  the  first  time,  that 
cdk2j9,  but  not  cdk2a,  occurs  as  the  faster-migrating 
phosphorylated  form  (Gu  et  al,  1992;  Planas-Silva  et 
al.,  1997)  in  a  primary  tumor  tissue.  Little  is  known 
about  functions  of  cdk2/?.  Its  expression  has  been 
shown  to  peak  at  S  phase  and  decrease  significantly  at 
early  G2  phase,  in  contrast  to  the  expression  of  cdk2a, 
which  usually  shows  little  change  through  the  entire 
cell  cycle  (Kotani  et  al,  1995).  Thus,  it  cannot  be  ruled 
out  in  c-myc  and  tgfajc-myc  tumors,  that  the 
predominant  partner  of  cyclins  A2  and  E  during  S 
phase  may  be  cdk2jS. 

Levels  of  the  pRB  protein  are  greatly  decreased  in 
the  majority  of  tgfaj c-myc  tumors,  relative  to  c-myc 
tumors.  This  may  occur  at  the  mRNA  level  in  some 
cases,  as  shown  by  RT-PCR  analysis.  For  those  tgfcc/ 
c-myc  tumors  in  which  the  Rb  mRNA  and  protein  are 
detected,  it  is  not  yet  clear  if  the  expression  is 
contributed  by  the  tumor  cells  or  by  the  proliferating 
stromal  cells  within  the  tumors.  Regardless  of  the 
mechanism,  loss  of  pRB  protein  may  be  one  of  the 
major  reasons  why  mammary  tumors  in  double 
transgenic  mice  develop  at  such  early  ages  and  grow 
at  such  a  rapid  rate,  given  the  fact  that  pRB  is  a  potent 
tumor  suppressor  and  growth  inhibitor.  The  loss  of 
pRB  in  bi-transgenic  tumors  may  be  due  to  a  synergy 
between  c-Myc  and  TGFoc,  rather  than  an  effect  of 
TGFa  alone,  since  tgfa  mice  do  not  develop  tumors. 
This  implies  that  like  cyclin  Dl,  pRB  also  links  the  c- 
Myc-  and  TGFa  signaling  pathways  in  control  of  cell 
cycle  progression.  However,  cooperation  between  c- 
Myc  and  TGFa  through  cyclin  Dl  and  pRB  may  be 
mechanistically  different,  since  TGFa  antagonizes  the 
effect  of  c-Myc  on  cyclin  Dl  expression  but  appears  to 
promote  the  effect  of  c-Myc  on  the  attenuation  of 
expression  of  pRB,  as  the  pRB  levels  in  some  c-myc 
tumors  are  also  low. 

In  conclusion,  c-Myc  may  induce,  directly  or  indir¬ 
ectly,  expression  of  cyclin  A2  and  E2F1  as  primary 
events  to  mediate  the  onset  of  mammary  tumors  in  c-myc 
transgenic  mice.  In  contrast,  overexpression  of  cyclins 
Dl  and  E  may  occur  as  later  events  to  facilitate 
progression  of  focal  islands  within  the  c-myc  tumors  to 
more  aggressive  phenotypes.  Similarly,  by  using  bi- 
transgenic  mice,  we  concluded  that  TGFa  induces  cyclin 
Dl  and  facilitates  the  loss  of  pRB.  These  TGFa- 
mediated  effects  may  have  a  threefold  consequence  in 
the  mammary  carcinogenesis  of  tgfalc-myc  bi-transgenic 
animals,  relative  to  c-myc  mice:  a  much  earlier  tumor 
onset,  a  higher  tumor  frequency,  and  the  formation  of  a 
much  more  aggressive  tumor  phenotype.  Thus,  during 
mouse  mammary  carcinogenesis  in  bi-transgenic  ani¬ 
mals,  TGFa  and  c-myc  cooperate  to  control  the  cell  cycle 
progression,  in  particular,  at  the  levels  of  cyclin  Dl  and 
pRB. 


Materials  and  methods 

Tissue  collections 

UJ-tgfoL,  MMTV-c-myc,  and  MT-/g/a/MMTV-c-wyc  single 
or  double  transgenic  mice  were  generated,  housed,  and 
genotyped  as  described  previously  (Amundadottir  et  al, 
1995).  Tissue  materials  used  were  from  the  previously 
reported  studies  (Amundadottir  et  al,  1995),  with  additional 
animal  experiments  carried  out  in  the  same  way.  Briefly, 
virgin  female  MMTV-c-myc  or  MT-/g/a  single  transgenic 
mice  were  sacrificed  at  ages  of  10-12  months,  together  with 
age-matched,  non-transgenic  mice  of  the  parental  strain 
(FVB).  MT-/g/a/MMTV-c-myc  double  transgenic  mice  were 
sacrificed  at  ages  of  3-6  months,  together  with  five  age- 
matched,  non-transgenic  animals  as  control.  Mammary  or 
tumor  tissues  harvested  from  the  animals  were  either  stored 
at  -80°C  or  fixed  with  10%  buffered  formalin  and  embedded 
in  paraffin. 

TUN  EL  assay 

The  terminal  deoxynuycleotidyl  transferase  (TdT)  mediated 
digoxigenin-dUTP  nick  end  labeling  (TUNEL)  method  was 
carried  out  using  a  kit  from  Trevigen  Inc.,  Gaithersburg, 
MD,  USA.  Paraffin  sections  were  labeled  with  TdT  and 
biotin-labeled  dNTP,  and  were  incubated  with  peroxidase- 
conjugated  Strep tavidin,  according  to  the  manufacturer’s 
instructions.  The  signal  was  visualized  by  exposure  to 
diaminobenzidine  and  H2O2,  followed  by  counter-staining 
with  hematoxylin. 

In  situ  hybridization  assay 

Paraffin  sections  were  hybridized  overnight  at  60°C  with 
riboprobes,  transcribed  from  the  antisense  or  sense  strands  of 
the  cDNAs  and  labeled  with  digoxigenin-conjugated  UTP,  as 
described  previously  (Li  et  al,  1999).  The  sections  were  then 
incubated  with  an  antibody  against  digoxigenin,  followed  by 
incubation  with  a  second  antibody  conjugated  to  alkaline 
phosphatase.  The  signal  was  visualized  by  color  development 
with  5-bromo-4-chloro-3-indolyl  phosphate  and  nitroblue 
tetrazolium.  All  reagents  were  purchased  from  Boehringer 
Mannheim,  Indianapolis,  IN,  USA.  A  1.4  kb  mouse  c-myc 
cDNA  and  a  0.9  kb  mouse  e2f\  cDNA  (ATCC,  Manassas, 
VA,  USA)  were  used  for  labeling  of  the  riboprobes.  To 
control  the  signal  specificity,  two  serial  sections  were 
mounted  on  the  same  slide  for  hybridization  with  antisense 
and  sense  probes,  respectively.  A  serial  selection  was  also 
pretreated  with  RNase  A  and  then  post-fixed  with  4% 
formaldehyde  to  denature  the  RNase  before  hybridization 
with  antisense  probe. 

Northern  blot  assay 

Ten  jug  of  total  RNA  per  sample  were  loaded  and  electro- 
fractionated  in  an  agarose  gel  containing  formaldehyde. 
Roughly  equal  loading  of  lanes  and  RNA  integrity  were 
confirmed  by  staining  the  gel  with  ethidium  bromide.  The 
separated  RNA  was  transferred  to  nitrocellulose  membranes 
and  hybridized  with  an  e2J\  antisense  riboprobe,  synthesized 
from  the  same  cDNA  as  used  for  in  situ  hybridization,  and 
labeled  with  ^-P-ATP  (Amersham  Life  Science,  Inc., 
Arlington  Heights,  IL,  USA).  After  washes  with  SSC  buffers, 
the  membrane  was  subjected  to  autoradiography. 

RT-PCR  analysis 

Total  RNA  was  reverse-transcribed  and  then  amplified  using 
the  RT-PCR  kit  from  GIBCO/BRL,  Rockville,  MD,  USA. 
The  conditions  for  the  PCR  amplification  were  as  follows:  3- 
min  hot  start  at  95°C,  followed  by  35  cycles  of  1  min  at  94°C, 
1  min  at  54° C,  and  2  min  at  72° C.  The  two  pairs  of  forward/ 
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reverse  PCR  primers  for  the  Rb  gene  were  209-229  bp/ 
1110-985  pb  and  1014-1041  pb/2857-2833  pb,  which  over¬ 
lap  to  span  most  part  of  the  mouse  Rb  mRNA  (Bernards  et 
al.,  1989).  As  an  internal  control,  mouse  glyceraldehyde-3- 
phosphate  dehydrogenase  (GAPDH)  cDNA  was  also  ampli¬ 
fied  by  PCR  under  the  same  conditions.  The  forward  and 
reverse  primers  were  819-837  pb  and  1228-1207  bp,  respec¬ 
tively,  of  the  mouse  GAPDH  cDNA  sequence  (Sabath  et  ai, 
1990). 

Western  blot  analysis 

Methods  for  preparation  of  protein  samples  and  for  Western 
blotting  were  described  previously  (Liao  et  al,  1998).  Protein 
aliquots  (20-80  fig  per  lane)  were  electro-fractionated  on 
SDS-PAGE.  Roughly  equal  loading  was  confirmed  by 
staining  the  gel  with  Coomassie  blue.  One  primary  pRB 
antibody  (14001  A)  was  purchased  from  Pharmigen,  San 
Diego,  CA,  USA  and  another  (pRB245)  was  a  generous  gift 
from  Dr  W-H  Lee  (see  Acknowledgements).  The  PCNA 
primary  antibody  (PC  10)  was  purchased  from  Oncogene 
Research  Product  Inc.,  Cambridge,  MA,  USA.  All  other 
primary  antibodies  were  purchased  from  Santa  Cruz  Biotech. 
Inc.  (Santa  Cruz,  CA,  USA):  c-Myc  (Cl 9),  E2F1  (C20  and 
KH95),  cyclin  A  (Cl 9),  cyclin  E  (M-20),  cyclin  D1  (C20), 
cyclin  D3  (C16),  cdk2  (M20),  cdk4  (C22),  pl6  (M156  and 
F12),  p21  (M19  and  F5),  and  p27  (C19  and  N19).  For  all 
primary  antibodies  from  Santa  Cruz  Biotech.  Inc.,  where 
specific  blocking  peptides  were  available,  in  a  parallel 
Western  blot  assay  the  antibody  was  incubated  with  fivefold 
excess  (by  weight)  of  the  corresponding  blocking  peptide  to 
neutralize  the  antibody  before  applied  to  the  membrane.  The 
pre-neutralized  antibody  sample  did  not  give  rise  to  the 
specific  signals  at  correct  molecular  weights,  demonstrating 
the  specificity  of  the  primary  antibodies. 

Immmohistochemical  staining 

A  peroxidase-anti-peroxidase  (PAP)  method  was  used  as 
described  previously  (Liao  et  al,  1998).  The  primary 
antibodies  were  the  same  as  used  for  Western  blot  analyses. 
For  all  primary  antibodies  purchased  from  Santa  Cruz 
Biotech.  Inc.  (Santa  Cruz,  CA,  USA),  where  blocking 
peptides  were  available,  in  one  staining  with  a  serial  section, 
the  primary  antibody  was  incubated  with  fivefold  excess  (by 


weight)  of  its  blocking  peptide  for  2  h  to  neutralize  the 
antibody  before  application  to  the  section.  The  pre¬ 
neutralized  primary  antibody  did  not  give  rise  to  signal, 
demonstrating  that  the  signal  given  by  the  primary  antibody 
was  specific. 

Labeling  index 

Labeling  indices  for  TUNEL  and  PCNA  staining  were 
determined  for  tumors  from  tgf<xlc-myc  mice  and  for  specific 
tumor  foci  and  their  adjacent  tumor  areas  from  c-myc 
animals.  Since  cells  in  the  G1  phase  of  the  cell  cycle  manifest 
weak  nuclear  staining  for  PCNA,  in  strong  contrast  to  the 
intense  nuclear  staining  of  cells  in  S  phase  (Eldrige  et  ai, 
1993),  only  those  cells  displaying  strong  nuclear  staining  were 
counted.  Four  tgfotic-myc  tumors  plus  six  foci  and  their 
adjacent  tumor  areas  from  different  individual  animals  were 
counted.  For  each  tumor  or  focus,  three  randomly  selected 
areas,  about  600  tumor  cells  per  area,  were  counted.  The 
percentage  of  labeled  cells  was  calculated  and  presented  as 
mean±s.d.  The  I®st  of  independence  for  an  rxc 
contingency  table  was  used  for  the  statistical  analysis. 
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Poster  Abstracts  for  Scientific  Meetings 


Abstract  #1 :  Jamerson  MH,  Johnson  MD  and  Dickson  RB.  Cooperation  of  c-Myc,  Bc1-xl,  and 
Bax-Knockout  in  Mammary  Tumorigenesis.  Lombardi  Cancer  Center  Research 
Days,  Lombardi  Cancer  Center,  Washington,  DC.  February  1999. 

c-Myc  oncogene  has  been  reported  to  be  amplified  in  25-30%  of  human  breast  cancers 
and  overexpressed  in  more  than  70%  of  human  breast  cancers.  Analysis  in  vitro  has 
demonstrated  that  c-Myc  is  involved  in  signaling  for  cell  proliferation  and  apoptosis.  The  Bc1-xl 
protein,  an  anti-apoptotic  member  of  the  Bcl-2  apoptosis-modulatory  protein  family,  is  known  to 
block  apoptotic  cell  death  under  a  wide  variety  of  conditions  and  has  been  shown  to  be 
overexpressed  in  some  human  breast  cancers  and  breast  cancer  cell  lines.  The  Bax  protein,  a 
pro-apoptotic  member  of  the  Bel-2  protein  family,  is  known  to  contribute  to  eellular  vulnerability 
to  apoptosis,  has  been  demonstrated  to  possess  a  tumor  suppressor-like  function  in  human 
tumors,  and  has  been  shown  to  be  weakly  expressed  or  absent  in  human  breast  cancers  and  breast 
cancer  cell  lines. 

Evidence  from  a  c-wyc/fg/iorbitransgenic  mouse  model  suggests  that  escape  from  c-Myc- 
induced  apoptosis  may  be  neeessary  for  continued  cell  cycle  progression  and  neoplastic 
development.  The  focus  of  these  studies  is  to  determine  if  there  is  a  synergism  between 
deregulated  c-Myc  expression  and  loss/diminution  of  apoptosis  in  mouse  mammary 
tumorigenesis.  We  hypothesize  that  the  constitutive  expression  of  c-Myc  and  Bc1-xl  will 
facilitate  mammary  tumorigenesis  as  a  result  of  Bc1-xl  blockade  of  c-Myc-induced  apoptosis  and 
not  c-Myc-mediated  cell  cycle  progression.  It  is  further  predicted  that  the  constitutive  expression 
of  c-Myc  in  a  Bax-null  background  will  also  facilitate  mammary  tumorigenesis  due  to  a 
disruption  of  the  c-Myc-induced  apoptotic  pathways. 

Work  to  date  in  support  of  this  project  includes  the  following:  the  establishment  and 
optimization  of  PCR-based  procedures  for  the  identification  of  mouse  transgenic  status,  the 
establishment  of  breeding  colonies  of  c-Myc,  tTA-Luc,  and  tetOP-Bcl-XL  transgenic  animals  and 
Bax-knockout  animals,  the  evaluation  and  solution  of  breeding  and  nursing  problems,  and  the 
establishment  of  a  breeding  program  to  achieve  sufficient  numbers  of  bitransgenic  and  control 
animals  for  study.  Recent  progress  and  current  work  is  focused  on  the  generation  of  additional 
strategies  for  these  breeding  experiments  and  involves  the  production  of  another  Bel-XL 
transgenic  mouse  model  without  tetracycline  regulatory  elements.  Furthermore,  we  are  pursuing 
the  creation  of  c-Myc  and  Bc1-xl  retroviruses  for  use  in  the  establishment  of  bitransgenic 
mammary  glands. 

This  work  is  supported  by  Department  of  the  Army  Fellowship  DAMD17-97-1-7110  to  MHJ. 
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c-Myc  in  Mammary  Tumorigenesis.  Era  of  Hope  Department  of  Defense  Breast 
Cancer  Research  Program  Meeting,  Atlanta,  Georgia.  June  8-11,  2000.  Abstract 
#455. 


Cooperation  of  BcI-xl  and  c-Myc  in  Mammary  Tumorigenesis 

M.  Hunter  Jamerson,  Michael  D.  Johnson  PhD,  and  Robert  B.  Dickson  PhD 
Department  of  Oncology,  Lombardi  Cancer  Center,  Georgetown  University 
Washington,  D.C.  20007-2197 

E-mail:  iamersl @.gunet.georgetown.edu 

The  focus  of  this  study  is  to  determine  whether  Bc1-xl  overexpression  and/or  loss  of  Bax 
expression  cooperate  with  c-Myc  overexpression  in  facilitating  mammary  tumorigenesis  in  vivo. 
c-Myc  is  amplified  in  16%,  rearranged  in  5%,  and  overexpressed  in  nearly  70%  of  all  human 
breast  cancers  and  it  regulates  cellular  proliferation,  differentiation,  and  apoptosis.  Bc1-xl, 
known  to  inhibit  apoptosis  potentially  by  modulating  mitochondrial  permeability  and  caspase 
activation,  is  overexpressed  in  some  breast  tumors  and  derivative  cell  lines  and  has  been  shown 
to  be  important  in  regulation  of  apoptosis  during  mammary  gland  involution.  The  pro-apoptotic 
protein  Bax  is  known  to  be  significantly  reduced  or  altogether  absent  in  many  breast  tumors  and 
cell  lines  and  has  further  been  demonstrated,  in  a  transgenic  model,  to  cooperate  with  tumor 
oncogenes  in  reducing  the  protective  apoptotic  effect  early  in  mammary  tumorigenesis. 
Evidence  from  c-Myc/Tgf-a  bitransgenic  mice  suggest  that  escape  from  c-Myc-induced 
apoptosis  may  be  necessary  for  continued  cell  cycle  progression,  promotion  of  genetic 
instability,  and  neoplastic  development. 

Constitutive  expression  of  Bc1-xl  and/or  loss  of  Bax  are  likely  to  disrupt  the  c-Myc-induced 
apoptotic  pathways  without  significantly  influencing  c-Myc-mediated  proliferation.  Transgenic 
mice  overexpressing  c-Myc  or  Bc1-xl  or  nullizygous  for  Bax  will  be  mated  to  produce  offspring 
for  evaluation  of  the  role  of  apoptosis  modulation  on  c-Myc-mediated  mammary  tumorigenesis 
and  mammary  gland  development.  To  date,  c-Myc  transgenic/B ax-knockout  and  c-Myc/Bcl-XL 
bitransgenic  mice  have  been  generated,  genotyped,  and  assigned  to  study  groups.  Both  virgin 
and  multiparous  study  animals  will  be  assessed  for  altered  tumor  onset,  incidence,  growth,  and 
pathological/molecular  characteristics  once  mammary  tumors  arise.  Additional  study  animals 
will  be  evaluated  for  alterations  in  mammary  gland  development  and  pregnancy-associated 
glandular  development  and  involution.  The  utilization  of  these  model  systems  will  aid  in  the 
dissection  of  the  in  vivo  role  of  apoptosis  in  the  development  of  breast  cancer. 

The  US  Army  Medical  Research  and  Materiel  Command  under  DAMD 17-97- 1-71 10  supported 
this  work. 
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Tumorigenesis.  Keystone  Symposium  on  Molecular  Mechanisms  of  Apoptosis, 
Keystone,  Colorado.  January  16-22, 2001.  Abstract  #239. 


Gain  of  Bc1-xl  and  Loss  of  Bax  Cooperate  in  c-Myc-Mediated  Mammary  Tumorigenesis 

M.  Hunter  Jamerson^  Michael  D.  Johnson\  Priscilla  A.  Furth^,  Stanley  J  Korsmeyer^  Gabriel 

Nunez"^,  and  Robert  B.  Dickson^ 

‘Lombardi  Cancer  Center,  Georgetown  University,  Washington,  DC  20007;  ^Institute  of  Human 
Virology,  Depts  of  Medicine  &  Physiology,  University  of  Maryland  Medical  School,  Baltimore, 
MD  21201;  ^Dana-Farber  Cancer  Institute,  Harvard  University,  Boston,  MA  021 15;  ‘^Department 
of  Pathology,  University  of  Michigan  Medical  School,  Ann  Arbor,  MI  48109. 

It  is  commonly  held  that  carcinogenesis  is  a  multistage  process  requiring  subversion  of  the 
multiple  systems  that  exist  within  cells  to  control  cell  growth  and  safeguard  against  tumor 
formation.  The  use  of  genetieally  altered  mice  provides  a  highly  malleable  system  for  evaluating 
the  cooperation  of  genetic  events  involved  in  the  development  of  tumors.  Evidence  from  c- 
Myc/TGF-a  bitransgenic  mice  suggests  that  escape  from  c-Myc-induced  apoptosis  may  be 
necessary  for  continued  cell  cycle  progression,  promotion  of  genetic  instability,  and  neoplastic 
development. 

Studies  of  tmnor  tissue  taken  from  women  with  breast  cancer  have  demonstrated  that  the  proto¬ 
oncogene,  c-Myc,  is  more  abundant  than  in  normal  breast  tissue  (amplified  in  16%,  rearranged  in 
5%,  and  overexpressed  in  nearly  70%  of  all  human  breast  cancers).  Similar  studies  have  shown 
that  genes  known  to  influence  programmed  cell  death  are  also  altered  in  breast  tumors.  Bc1-xl, 
known  to  inhibit  apoptosis,  potentially  by  modulating  mitochondrial  permeability  and  caspase 
activation,  is  overexpressed  in  some  breast  tumors  and  has  been  shown  to  be  important  in  the 
regulation  of  apoptosis  during  mammary  gland  involution.  The  pro-apoptotic  protein  Bax  is 
known  to  be  significantly  reduced  or  altogether  absent  in  many  breast  tumors  and  has  further 
been  demonstrated  to  cooperate  with  tumor  oncogenes  in  reducing  the  protective  effect  early  in 
mammary  tumorigenesis. 

Our  bitransgenic  mouse  studies  with  constitutive  expression  of  Bc1-xl  and/or  loss  of  Bax  are 
likely  to  disrupt  the  c-Myc-induced  apoptotic  and  proliferative  pathways  and,  therefore, 
modulate  c-Myc-mediated  mammary  tumorigenesis  and  mammary  gland  development.  Our 
pilot  data  in  Bax-knockout/c-Myc  and  c-Myc/Bcl-XL  bitransgenic  mice  have  confirmed  a 
cooperative  role  for  these  apoptosis-modulatory  genes  with  c-Myc  in  mammary  tumorigenesis. 
The  utilization  of  these  model  systems  will  aid  the  dissection  of  the  in  vivo  role  of  apoptosis  in 
the  development  of  breast  cancer.  Work  supported  under  DAMDl  7-9  7-1-7110  to  MHJ  and 
1R01AG1496  and  1R01CA72460  to  RED. 


APPENDIX  D 
List  of  Abbreviations 


ABC 

Avidin-biotin  complex 

AC 

Adenyl  cyclase 

bFGF 

Basic  Fibroblast  growth  factor 

BRCAl 

Breast  cancer-associated  gene  1 

CGH 

Comparative  genomic  hybridization 

CRD-BP 

Coding  region  determinant-binding  protein 

DAB 

3,3  ’-diaminobenzidine 

ECL 

Enhanced  chemiluminescence 

EGF 

Epidermal  growth  factor 

EGFR 

Epidermal  growth  factor  receptor  (c-ErbBl) 

GEM 

Genetically-engineered  mice 

GSK-3P 

Glycogen  synthase  kinase  3 -beta 

hCMVP 

Human  cytomegalovirus  promoter 

HRP 

Horseradish  peroxidase 

IGFl 

Insulin-like  growth  factor  1 

INK 

c-Jun  N-terminal  kinase 

MAPK 

Mitogen-activated  protein  kinase 

MEC 

Mammary  epithelial  cell 

MEF 

Mouse  embryonic  fibroblast 

MMTV-LTR 

Mouse  mammary  tumor  virus  long  terminal  repeat 

PCNA 

Proliferating  cell  nuclear  antigen 

PCR 

Polymerase  chain  reaction 

PI3K 

Phosphatidyl-inositol-3  kinase 

PKA 

Protein  kinase  A 

PKB 

Protein  kinase  B  (Akt) 

PLC 

Phospholipase  C 

PTEN 

Phosphatase  and  tensin  homologue  deleted  on  chromosome  10 

SAPK 

Stress-activated  protein  kinase 

SCLC 

Small  cell  lung  cancer 

SKY 

Spectral  karyotyping 

Tag 

SV40  Large  T  antigen 

tetOP 

Tetracycline  operon  system 

TGFa 

Transforming  growth  factor  alpha 

TGFp 

Transforming  growth  factor  beta 

TNFRl 

Tumor  necrosis  factor  receptor  1 

tTA 

Tetracycline  transactivator  protein 

TUNEL 

Terminal  deoxynucleotidyl  transferase-mediated  dUTP-digoxygenin  nick 
end  labeling 

WAP 

Whey  acidic  protein 

